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SECTION 1 

I N T R O D U C T I O N  

1.1 BACKGROUND 

J 

F l i g h t  T e s t  T r a j e c t o r y  C o n t r o l  (FTTC) is  a n  e m e r g i n g ,  p i l o t - a i d i n g  
t e c h n o l o g y  v a l u a b l e  f o r  improv ing  f l i g h t  tes t  r e s u l t s  and a p p l i c a b l e  t o  
maneuver c o n t r o l  and g u i d a n c e  i n  a n u m k r  of c o n t e x t s .  T h i s  t e c h n i q u e  h a s  

p r o v i d e d  t h e  means fo r  f l y i n g  maneuvers c o n s i s t e n t l y ,  p r e c i s e l y ,  and 
r e p e a t a b l y  from f l i g h t  t o  f l i g h t .  Two v e r s i o n s  of these c o n t r o l l e r s  have 
been used :  
manual p i l o t i n g  i n f o r m a t i o n .  A c l o s e d - l o o p  sys tem used  t o  c o l l e c t  perform- 
m c e ,  p r e s s u r e s ,  and loads d a t a  fron t h e  h i g h l y  maneuvera5 le  a i rc?af t  t e 3 -  

nology (HiMAT) veh ic l e  is described i n  [ l ] .  The a p p l i c a t i o n  of t h e  open- 
loop  system on t h e  NASA F-111 t r a n s o n i c  a i r c r a f t  t e c h n o l o g y  ( T A C T ) ,  F-15 

a i r f r a m e / p r o p u l s i o n  s y s t e m  i n t e r a c t i o n  s t u d i e s  , and F-15 s h u t t l e  t i l e s  t e s t  
programs are g i v e n  i n  [23.  

a c l o s e d - l o o p  a u t o m a t i c  system and a n  open- loop  s y s t e m  p r o v i d i n g  

O r i  g i  n a l 1  y , t h e  open- loop f 1 i gh t  - test-  t r a j  ect or y g u i  dance  a1 gor  i tfin: s 

were d e v e l o p e d  o n - l i n e ,  i n  a p i l o t e d  s i m u l a t i o n  u s i n g  c u t - a n d - t r y  t e c h n i q u e s  
t h a t  u e r e  n o t  o n l y  man power i n t e n s i v e ,  b u t  o f t e n  produced less t h a n  o p t i m a l  

c o n t r o l l e r s .  A c l o s e d - l o o p  s y s t e m  d e s i g n e d  u s i n g  one - loop-a t - a - t ime  

c l a s s i c a l  d e s i g n  a p p r o a c h  is documented i n  [3]. F u l l - s t a t e  feedback 

a p p r o a c h  f o r  c l o s e d - l o o p  s y s t e m  design u s i n g  l i n e a r  q u a d r a t i c  synthesis is  

described in [43. Both these approaches have  limitations i n  terms of d e s i g n  
methodology and  c o n t r o l l e r  c o m p l e x i t y .  

The w o r k  reported i n  r e f e r e n c e  [ 2 ]  a n d  more r e c e n t  ongo ing  work have  

i n c l u d e d  de t a i l ed  m o d e l i n g  of a l l  t h e  p i l o t e d  a i rc raf t  s u b s y s t e m s  for s u i t -  

able  c o n t r o l  law development .  T h i s  research has i d e n t i f i e d  t h e  maneuver 
m o d e l i n g  as a s i g n i f i c a n t  t e c h n o l o g y  n e e d i n g  f u r t h e r  c l a r i f i c a t i o n  and  deve- 

lopmen t .  The maneuver mode l ing  aspect of trajectory g u i d a n c e  and  c o n t r o l  
law d e s i g n  w i l l  be emphasized here i n  d e s c r i b i n g  t h i s  d e v e l o p i n g  t e c h n o l o g y .  
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I n  the  present work, c losed loop mechanization is  ca r r i ed  out w i t h  the  

p i l o t  i n  a supervisory r o l e .  The t h r u s t  here  is  i n  four  a reas  

1 . Maneuver modeling, 

2. Application of modern l i n e a r  mul t ivar iab le  syn thes i s ,  

3. Techniques f o r  the  development of re ference  canmand and gain- 
scheduled per turba t ion  c o n t r o l l e r s ,  and 

4. Exploratory inves t iga t ion  of the emerging nonlinear system des ign  
techniques v ia  p re l inea r i z ing  transforms. 

1.2 SUMMARY OF RESEARCH ACCOMPLISHED 

Maneuver modeling f o r  a l l  the given f l i g h t  t e s t  t r a j e c t o r i e s  were 
successfu l ly  c a r r i e d  ou t .  I n  t h e  p r e s e n t  work 64 s t r a i g h t  and level trims, 

51 l eve l  tu rn  trims a t  a load f a c t o r  of 2 ,  and 30 l e v e l  t u rn  trims a t  a load 

f a c t o r  of 4 were employed. A 3-D l i n e a r  i n t e r p o l a t i o n  was employed. Thus  a 

f l i g h t  condi t ion is charac te r ized  by a l t i t u d e ,  Mach number and load f a c t o r .  

Linearized aerodynamic c o e f f i c i e n t s  were a l s o  s to red .  T h i s  da t a  i n  conjunc- 
t i o n  w i t h  kinematic and some dynamic equations a r e  then used t o  generate  

s t a t e  and cont ro l  h i s t o r i e s  f o r  a l l  t he  f l i g h t  t e s t  maneuvers. 

Two mul t ivar iab le  syn thes i s  techniques were used t o  obta in  output 

feedback l i n e a r  per turba t ion  c o n t r o l l e r s  viz .  

1 ) Constrained e igens t ruc tu re  assignment (Shapiro & A n d r y ,  1982) 

2 )  Minimum e r r o r  e x c i t a t i o n  technique (Kosut, 1970) 

Out of these two, the constrained e igens t ruc tu re  assignment technique was 

found t o  be the  hardest  one t o  i t e r a t e  on pr imari ly  d u e  t o  the  cu r ren t  lack 

of understanding of the e x p l i c i t  r e l a t i o n s h i p  between eigenvectors  and  the  

desired time response.  T h i s  d i f f i c u l t y ,  while not c r u c i a l  i n  f u l l  s t a t e  

feedback design can become an extremely important element i n  output feedback 

2 



design. Due t o  i t s  high s e n s i t i v i t y  t o  the input e igenvectors ,  i t  was d i s -  

carded a f t e r  t h e  i n i t i a l  research phase. 

presented a t  t he  1985 American Control Conference ( see  Appendix A ) .  The 

minimum e r r o r  e x c i t a t i o n  suboptimal design was successfu l  and is advocated 

as the main design approach. 

A paper o u t l i n i n g  these  i s sues  was 

Exploratory research on nonlinear maneuver au top i lo t  syn thes i s  brought 

out  t h e  f e a s i b i l i t y  of generat ing the  maneuver a u t o p i l o t s  by employing s i n -  
gular per turba t ion  theory i n  conjunction w i t h  p re l inea r i z ing  t r a n s f o r m .  
The methodology is ou t l ined ,  though t h e  con t ro l l e r s  have not been worked 

out .  
i n  Appendix B. T h i s  technique appears t o  hold considerable  promise and w i l l  

be f u r t h e r  pursued in f u t u r e  research .  

A simple example problem t o  serve  a s  an i l l u s t r a t i v e  example is  g i v e n  

The designs obtained were scheduled a s  func t ions  of Mach number and 

load f a c t o r  and were t e s t e d  on a l i n e a r  simulation. 
been found s a t i s f a c t o r y  w i t h i n  the  v a l i d i t y  of the l i n e a r  model assunpt ions.  

I n  the  next phase these  designs w i l l  be t e s t e d  on a nonl inear  simirlation of 

the F-15 a i r c r a f t .  

The performance has  

1.3 STUDY RESULTS 

Results from t h i s  work f a l l  i n t o  four ca t egor i e s ,  ( 1 )  con t ro l  design 

technique eva lua t ions ,  ( 2 )  s p e c i f i c  cont ro l  ana lys i s  and  d e s i g n ,  

( 3 )  sof tware developments f o r  control  law mechanization, a n d  ( 4 )  specific 

control l a x  validations. The v a r i o u s  d e l i v e r a b l e s  i n  these areas are: 

1 )  For cont ro l  design technique eva lua t ions  

a )  A paper eva lua t ing  t h e  e igens t ruc ture  assignment tech- 
n i q u e  [6)  

b )  An assessment and extension of t h e  nonl inear  p re l inea r i z ing  
cont ro l  technique E71, and  demonstration on a s imple 
example. (See Appendix B) 
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2 )  For control  ana lys i s  and design 

a )  Development and c l a r i f i c a t i o n  of maneuver modeling equations 
beyond t h e  ana lys i s  i n  re fe rences  [4, 103. 

b )  Condensation of the F-15 a i r c r a f t  nonlinear c h a r a c t e r i s t i c s  
t o  a t a b l e  of re ference  s t a t e s  and cont ro ls  v i a  nonl inear  
s imulat ion trim values a t  approximately 145 condi t ions on 
t h e  f l i g h t  envelope. 

c )  Decomposition of the 8 maneuvers over t he  f l i g h t  envelope 
i n t o  30 l i n e a r  per turba t ion  models (15 w i t h  f i xed  t h r o t t l e  
and 15 w i t h  va r i ab le  t h r u s t ) .  

d )  Solu t ion  of 30 output feedback ga ins  which can be used w i t h  
the 30 l i n e a r  per turba t ion  models t o  s imulate  maneuvers 
throughout t he  envelope. 

3)  For sof tware developments 

TM a )  Extensions tFMIntegrated Sys tems,  Inc .  (ISI's) M A T R I X x  
SYSTEM BUILD package including a l i n e a r  time varying 
FORTRAT block to g i v e  a gener ic  lLnea r  time varying simula- 
t i o n  Capabi l i ty  (such a capab i l i t y  can be easily mechanized 
t o  model l i n e a r  time-varying s imulat ions of engine and a i r -  
craf t  dynamics, f o r  example). 

b 1 Development of a three-dimensional i n t e rpo la t ion  program 
which converts t a b l e  look-ups i n  a l t i t u d e ,  Mach, and load 
f a c t o r  t o  a one-dimensional t a b l e  look-up w i t h  respec t  t o  
time f o r  a s p e c i f i c  maneuver, 

c )  Documented command f i l e s  Aircraft-CAS model bui lding and 
Maneuver Auto P i l o t  ( M A P )  design i n  the  MATRIX language f o r  
t he  model generat ion,  cont ro l  law design,  and gimulation 
va l ida t ion  process ,  and 

4) Demonstration of t h e  maneuver au top i lo t  va l ida t ions  i n  a l i n e a r  
s imulat ion.  

The l i n e a r  control  laws developed i n  t h i s  work a r e  now ready f o r  va l i -  

dat ion on a nonlinear batch s imulat ion.  W i t h  s u i t a b l e  a lgeb ra i c  equation 

manipulation, the  nonlinear control  laws can a l s o  be mechanized on a 

nonl inear  s imulat ion.  
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1 .4 REPORT ORGAN IZATI ON 

Sect ion 2 descr ibes  the a i r c r a f t  and command augmentation system (:AS) 

models, t he  choice of outputs  u s e f u l  f o r  feedback and  the  procedure f o r  

obtaining l i n e a r  models. Sect ion 3 s p e c i f i e s  the  f l i g h t  t es t  maneuvers 

analyzed i n  terms of t h e  maneuver objec t ive  and how t h a t  ob jec t ive  can be 

reduced t o  a s e t  of equations which cons t ra in  a requi red  se t  of outputs. 
Sect ion 4 o u t l i n e s  t h e  l i n e a r  techniques evaluated and used f o r  t he  design 

of per turba t ion  feedback c o n t r o l l e r s  as well as t h e  nonl inear  t r ack ing  feed- 

back c o n t r o l l e r .  Sect ion 5 reviews t h e  l i n e a r  s imulat ion mechanization and 

discusses  the  demonstration results f o r  the  e ight  required man, auvers  . 
Conclusions a r e  g iven  i n  Sec t ion  6. The appendices descr ibe i n  d e t a i l  the 

i s s u e s  i n  l i n e a r  time-varying s imulat ion,  the eva lua t ion  of constraine5 

e igens t ruc ture  assignment and the  output error feedback c o n t r o l l e r  d e s i p s ,  

and nonlinear t r ack ing  control  via p re l inea r i z ing  transforniations.  
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S E C T I O N  2 

A I R C R A F T  AND COMMAND AUGMENTATION S Y S T E M  ( C A S )  MODELS 

V 

T h i s  s e c t i o n  r e v i e w s  t h e  o v e r a l l  l i n e a r  s y s t e m  model used  t o  b o t h  

d e v e l o p  and v a l i d a t e  t h e  l i n e a r  p e r t u r b a t i o n  c o n t r o l  laws. Figure 2-1 below 

shows t h e  des ign  process used .  

r i m r  COYDIYIM 

F i g u r e  2-1. Use of L i n e a r  System F l i g h t  T e s t  T r a j e c t o r y  Model 

The  rest of t h e  s e c t i o n  describes t h e  airframe, e n g i n e ,  and  command 

a u g m e n t a t i o n  (CAS) models a n d  how t h e y  are i n t e g r a t e d  i n t o  t he  o v e r a l l  
l i n e a r  d e s i g n  a n d  e v a l u a t i o n  model. 
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2 .1  AIRCRAFT MODEL 

As shown i n  Figure 2 - 1 ,  the  airframe model w a s  obtained from the NASA 

Ames Dryden F l i g h t  Research F a c i l i t y  (ADFRF) L I N E A R  Program E l l ] ,  yie ld ing  
the a i r c r a f t  model in t he  s tandard form 

= A X  + Bu, 

y - HX + F U  

where 

The f i r s t  nine outputs  a r e  requi red  i n  the  l i n e a r i z e d  CAS model. 

2 . 2  ENGINE MODEL 

An engine model of the form 

0.2 
s + 0.2 

was assumed. However, s ince  t h i s  l a g  can be compensated f o r  w i t h  a simple 

lead-lag compensator, the  problem of a slow engine time constant was not 
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i n c l u d e d  i n  t h e  o v e r ' a l l  d e s i g n ,  assuming e x a c t  c a n c e l l a t i o n .  The a c t u a l  

r e s i d u a l  d u e  t o  mismodel ing  c a n  best be addressed w i t h  t h e  n o n l i n e a r  sirnula- 

t i o n .  
s t a t e s  d e s c r i b e d  r l o x t .  

F i g u r e  2-2 below shows t h e  o v e r a l l  m e c h a n i z a t i o n  i n c l u d i n g  t h e  CAS 

CO??X4..3ED 
THXOTTLE 
SfT7ISt 

s + 0 . 2  
5 + 20 

II 

F i g z p e  2 - 2 .  L i n e a r  P e r t u r t a : i a n  F l i g h t  Test T r a j e ~ t ~ : - y  Zontrol Sjsterr. 

2 .3  COMMAND AUGMENTATION SYSTEM ( C A S )  MODEL 

The CAS model is h i g h l y  n o n l i n e a r  w i t h  gain s c h e d u l e s  a n d  m u l t i p l i c a -  
t i v e  a n d  saturat ion n o n l i n e a r i t i e s .  

l i n e a r i z a t i o n  and  a n  l l e q u i v a l e n t  g a i n "  for t h e  m u l t i p l i c a t i v e  n o n l i n e a r i t i e s  

d e t e r m i n e d  by  t h e  N A S A  ADFRF CONSEN program. 

t h e  a c t u a l  CAS for s e v e r a l  time s t e p s  a t  a g i v e n  f l i g h t  c o n d i t i o n .  

t h e  t r a n s i e n t s  h a v e  decayed, t h e  r a t i o  of i n p u t s  a n d  o u t p u t s  are  t h e n  u s e d  

t o  compute t h e  e q u i v a l e n t  g a i n s .  

T h i s  was l i n e a r i z e d  w i t h  a gross 

The  CONSEN program s i m u l a t e s  

When a l l  
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The CAS system has no access t o  a i l e rons  i n  t h e  a i r c r a f t  under consi- 

derat ion and hence, a l l  t h e  f l i g h t  t e s t  maneuvers w i l l  be accomplished using 

t h r o t t l e ,  e l eva to r ,  rudder and d i f f e r e n t i a l  t a i l .  The maneuver au top i lo t  
outputs  w i l l  be connected t o  the  e x i s t i n g  a u t o p i l o t  i n t e r f a c e  i n  the  CAS, as 

shown i n  Figures 2-3 through 2-5. 
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2.4 LINEAR WDEL SUMMARY 

The ove ra l l  l i n e a r  model has nine a i r c r a f t  s t a t e s ,  one engine s t a t e ,  

and twenty-one CAS s t a t e s .  T h e  outputs  t o  be used i n  t h e  maneuver auto- 

p i l o t ,  f o r  a l l  maneuvers, a r e  

Se lec t ion  of these  q u a n t i t i e s  f o r  feedback a r e  pr imari ly  d i c t a t ed  by t he  

var ious f l i g h t  t e s t  maneuvers t o  be executed. T h u s ,  t h e  a l t i t u d e ,  Mach 

number and t h e  angle  of a t t ack  a r e  t o  be e i t h e r  regula ted  about reference 

values o r  should be made t o  follow desired canmand h i s t o r i e s .  The choice of 
roll a t t i t u d e  f eedback  a r i ses  from a requirement t o  m a i n t a i n  w i n g s  l e v e l  

along symmetric f l i g h t  t e s t  t r a j e c t o r i e s .  

maneuvers, des i red  load f a c t o r s  can be sus ta ined  by an appropr ia te  r o l l  
a t t i t u d e  command. For a l l  f l i g h t  t e s t  maneuvers, t h e  angle  of s i d e s l i p  
needs t o  be regula ted  about zero; t h i s  prompts  the use of 8 feedback. An 

output feedback c o n t r o l l e r  is  envisaged i n  t h e  present development. Since 

most output feedback syn thes i s  approaches do not guarantee s t a b i l i t y ,  i t  i s  

decided t o  incorporate  de r iva t ive  feedbacks f o r  a s  many output var iab les  as 

f e a s i b l e .  T h i s  l e d  t o  the  s e l e c t i o n  of the body r a t e s  p ,  q ,  r t o  serve as  

de r iva t ive  feedbacks f o r  angle  of a t t a c k ,  angle  of s i d e s l i p  and t h e  r o l l  
a t t i t u d e .  The Mach numSer and the  f l i g h t  path angle  se rve  a s  de r iva t ive  

feedbacks f o r  a l t i t u d e .  S ince  most f l i g h t  t es t  maneuvers r equ i r e  angle  of 

a t t ack  t r ack ing ,  an i n t e g r a l  feedback is  incorporated i n  t h e  angle  of a t t ack  

channel. While executing nonsymmetric f l i g h t  tes t  maneuvers, t h e  r o l l  
a t t i t u d e  can sometimes be very c lose  t o  90°. A t  these  condi t ions ,  small  

per turba t ions  i n  t h e  r o l l  a t t i t u d e  can induce major changes i n  a l t i t u d e  and 

other  s t a t e s .  Hence i n  order t o  provide a tight r o l l  a t t i t u d e  con t ro l ,  two 

i n t e g r a l  feedbacks a r e  introduced f o r  t he  r o l l  a t t i t u d e  0. 

I n  nonsymmetric f l i g h t  t e s t  
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S E C T I O N  3 
MANFUVER MODELING 

The des i red  t r a j e c t o r y  o r  maneuvor t o  be modeled governs the subse- 

quent cont ro l  law development i n  two ways. F i r s t ,  t h e  maneuver prescr iSes  

the  equations of motion of the vehicle  on the  reference t r a j e c t o r y  and 

secondly the  maneuver regimes determine the  l i n e a r  per turba t ion  equations 

about the  commanded t r a j e c t o r y  fran which the  l i n e a r  control  law is  
devel oped . 

Airc ra f t  f l i g h t  t e s t  t r a j e c t o r i e s  could be based on i n e r t i a l  reference 

( e . g . ,  l eve l - tu rn  or 3-D guidance) or re ference  w i t h  respec t  t o  another 

vehic le  or vehicles  (e .g . ,  i n  a i r - t o - a i r  combat). To place the  f l i g h t  t e s t  

t r a j e c t o r y  control  design problem i n  a proper fravework, the  cons t ra in% 

which determine the  equations of motion fo r  various l a rge  c l a s ses  of 

t r  a j  e c t  o r i  es a r e  descr i  bed below. 

The subsect ions which follow give a general overview of maneuver 

modeling and the  desc r ip t ions  of t he  spec i f i ed  maneuvers analyzed i n  t h i s  

work . 

3.1 M A N E W E R  MODELING OVERVIEW 

We d i v i d e  s i n g l e  v e h l c l e  f l i g h t  pa ths  i n t o  those which r equ i r e  con- 

t inuous cont ro l  along t h e  t r a j e c t o r y  and those t h a t  spec i fy  a f i n a l  f l i g h t  
condi t ion.  

terms of one of t h e  following: 

I n  either case t h e  f l i g h t  t e s t  t r a j e c t o r y  could be spec i f i ed  i n  

1 .  Const ra in ts  on pos i t ion  components, 

2. Cons t ra in ts  on ve loc i ty  components and a l t i t u d e ,  

3. Constraints  on combinations of l oad ,  s p e e d  and a l t i t u d e .  

15 



Combinations of these cons t r a in t s  could a l s o  be considered. 

maneuvers discussed i n  t h i s  r epor t  belong t o  t h e  second and t h i r d  

ca tegor ies .  Reference [ 4 1  g ives  some ea r ly  r e s u l t s  i n  f l i g h t  t e s t  

t r a j e c t o r y  modeling . 

The f l i g h t  t e s t  

3.1.1 Const ra in ts  on Pos i t ion  Components 

Examples of t r a j e c t o r i e s  which involve pos i t ion  cons t r a in t s  along the  

f l i g h t  path a r e  

1. 4-D guidance ( x ( t ) ,  y ( t ) ,  h ( t )  a r e  given funct ions of t ime) .  

2. 3 -D guidance ( x ,  y ,  h a r e  r e l a t e d  t o  each o the r ,  e . g . ,  f l y  along 
a hypothet ical  wire i n  space ) .  Examples of 3-D guidance a r e  
approach t o  landing,  terminal a r ea  f l i g h t  paths and t h r e a t  eva- 
s ion  f o r  reconnaissance a i r c r a f t  and bombers. T h i s  a l s o  includes 
s t r a i g h t  and level f l i g h t  and f l i g h t s  along predetermined p a t h s .  

Examples of t r a j e c t o r i e s  which spec i fy  pos i t ion  cons t r a in t s  a t  t h e  f i n a l  

t r a j e c t o r y  point are:  

1 .  4-D spec i f i ca t ion  ( a r r i v e  a t  a c e r t a i n  po in t ,  a t  a c e r t a i n  t ime,  
e . g . ,  touchdown on t h e  runway a t  a spec i f i ed  po in t ) .  

2 .  3-D spec i f i ca t ion  (fly-to-VOR, t e r r a i n  fol lowing) .  

Note t h a t  each of these  t r a j e c t o r i e s  r equ i r e s  pos i t ion  measurement. The 4-D 

guidance t r a j e c t o r y  i n d i r e c t l y  s p e c i f i e s  ve loc i ty  and acce le ra t ion  compo- 

nents.  Thus ,  s p e c i f i c a t i o n  of pos i t ion  components is t h e  most comprehensive 

cons t ra in t  on t h e  t r a j e c t o r y .  

f o r  most t e s t  maneuvers. 

Such a r i g i d  cons t r a in t  may be unnecessary 

3 . 1 . 2  Constraints  on Velocity Components and A l t i t u d e  

k’hile the  horizontal  pos i t ion  components do no t ,  i n  genera l ,  a f f e c t  

aerodynamic va r i ab le s ,  the a l t i t u d e  determines dens i ty  and by i t s e l f  a f f e c t s  

dynamic pressure.  T h u s ,  i t  m u s t  always be considered a s  a poss ib le  var iab le  

16 
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t o  be constrained.  In f a c t ,  the  a l t i t u d e  and dynamic pressure a r e  s o  
important t h a t  a major i ty  of f l i g h t  tes t  t r a j e c t o r i e s  w i l l  d e f i n e  the  a l t i -  

tude p r o f i l e  ( t h i s  includes maintaining constant a l t i t u d e ) .  

E x a n p l e s  of t h i s  c l a s s  of t r a j e c t o r i e s  a re :  

1 .  u ( t ) ,  v ( t ) ,  w ( t )  and h ( t )  [ i n  other  words, Mach number, dynznnic 
pressure ,  B ( t )  and a ! t ) . ]  B ( t )  may be zero.  

2. Mach number, angle-of-attack and dynamic pressure ( a s  i n  s h u t t l e  
t i l e  tests) .  

Various o ther  combinations of ve loc i ty  components and a l t i t u d e s  could a l s o  
be spec i f i ed .  

Mach number, angle-of-attack and a l t i t u d e  cons t r a in t s  could a l s o  be 

des i red  a t  one point on t h e  t r a j e c t o r y .  For example, the  zoom-and-pushover 

i s  a t r a j e c t o r y  where angle-of-at tack,  Mach number and a l t i t u d e  a r e  s p e c i -  

f i e d  a t  one point on t h e  t r a j e c t o r y .  

3 . 1 . 3  Const ra in ts  on Canbinations of Load, Speed and Al t i tude  

The t r a j e c t o r y  s p e c i f i c a t i o n s  could involve components of loads along 

t h e  th ree  axes,  ve loc i ty  components and a l t i t u d e .  The  t y p i c a l  load s p e c i f i -  

ca t ion  w i l l  cons i s t  of d e s i r e d  v e r t i c a l  acce le ra t ion .  The des i red  value of 

t h e  l a t e r a l  acce le ra t ion  is  usual ly  zero. The t o t a l  speed is o f t en  spec i -  

f i e d  i n  l i e u  of the  fore-and-aft  acce le ra t ion .  

Many combinations of load ,  speed and altitude specifications are 

poss ib le .  Some examples a r e  as follows: 

1 .  A constant  load ,  constant  Mach number l e v e l  turn, 

2. A constant  Mach number, constant  a l t i t u d e  windup t u r n .  

O f t e n ,  the  des i red  f l i g h t  t r a j e c t o r y  for an a i r c r a f t  depends upon the 

pos i t ion  and f l i g h t  t es t  t r a j e c t o r y  of o ther  vehic les .  Typical examples a r e  

c o l l i s i o n  avoidance, a i r  combat, or avoidance of a i r - t o - a i r  missiles. The 

s p e c i f i c a t i o n  i s  t y p i c a l l y  based on the  pos i t ion  of a t a r g e t  a i r c r a f t  w i t h  

respec t  t o  t h e  a i r c r a f t  whose t r a j e c t o r y  is being control led.  
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The next s ec t ion  gives  a s p e c i f i c  ob jec t ives  and t h e i r  ana ly t i ca l  

development f o r  each of t h e  maneuvers f o r  which a u t o p i l o t s  were designed. 

3 . 2  MANEWER MODELING 

To summarize, t h e  ob jec t ive  of maneuver modeling i s  t o  generate a con- 

s i s t e n t  set-of s t a t e  and cont ro l  h i s t o r i e s  t o  serve  a s  commands and open 

loop con t ro l s  for  the  maneuver au top i lo t  using a da ta  base cons is t ing  of 

trim condi t ions.  Two s e t s  of trims have been found adequate f o r  a l l  the 

maneuvers discussed here ,  viz, s t r a i g h t  and l e v e l  trims a n d  l e v e l  t u r n  
trims. To t h e  ex ten t  f e a s i b l e ,  kinematic r e l a t i o n s h i p s  a r e  employed t o  

generate  t h e  s t a t e -con t ro l  h i s t o r i e s .  Whenever t h i s  is not poss ib le ,  

l i nea r i zed  aerodynamics and engine models a r e  used. Note t h a t  the  following 
development is not r e s t r i c t e d  a p a r t i c d a r  a i r c r a f t .  

The commands and t h e  open loop cont ro ls  cons i s t  o f :  

Canmands: A l t i t ude ,  Mach number,  angle-of-attack, f l i g h t  p a t h  angle,  
r o l l  a t t i t u d e ,  angle  of s i d e  s l i p ,  roll-pitch-yaw body 

r a t e s .  

Openloop Con t ro l s :  T h r o t t l e ,  e l eva to r ,  rudder and d i f f e r e n t i a l  t a i l .  

I n  t h e  fol lowing,  t h e  maneuver modeling f o r  individual  f l i g h t  t e s t  

t r a j e c t o r i e s  w i l l  be discussed i n  d e t a i l .  I t  is  important t o  note  t h a t  a l l  

these  maneuvers assume zero s i d e s l i p .  
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3.2.1 Trans ien t  Trajectory 

The ob jec t ive  of t h i s  maneuver is t o  t r a n s f e r  an a i r c r a f t  f l y i n g  

s t r a i g h t  a n d  l e v e l  a t  a Mach-altitude pa i r  t o  another Mach-altitude p a i r  a: 

a desired f l i g h t  path angle .  T h i s  maneuver is normally employed a s  the  

i n i t i a l - t e r m i n a l  t r a n s i e n t  t o  o ther  f l i g h t  t e s t  maneuvers and hence the  

name. 

The s imples t  way t o  mechanize t h i s  maneuver t o  assume a cubic poly-  

nomial i n  time f o r  t h e  a l t i t u d e .  Thus, 

h = h, + a , t  + a 2 t 2  + a , t ' ;  to 5 t 5 tf 

from which 

2 

ii = a ,  + 2 a 2 t  + 3 a , t  

(3.1) 

( 3 . 2 )  

The requirement f o r  a cubic  polynomial a r i s e s  from the  cons t r a in t s  t h a t  one 

wishes t o  place a t  t h e  two ends,  i .e . ,  i n i t i a l  and f i n a l  a l t i tudes  a r e  

spec i f i ed  along w i t h  a l t i t u d e  r a t e s  a t  t he  two boundaries. To s impl i fy  t h e  

development, constant  acce le ra t ion  along the  f l i g h t  path is assumed n e x t ,  
v i z ,  

v = v,  + i t ,  

where 

( 3 . 3 )  

Vf  - vel 

tf 
3 =  , Vf is the s p e c i f i e d  f i n a l  speed and t f ,  t h e  f i n a l  

time. 



The f l i g h t  p a t h  a n g l e  is  r e a d i l y  computed from 

As n o t e d  e l s e w h e r e ,  a d a t a  base c o n s i s t i n g  of s t r a i g h t  and l e v e l  trims 

a t  s e v e r a l  M a c h - a l t i t u d e  p a i r s  are a v a i l a b l e .  
A s s m i n g  t h a t  t h e  p a t h  a n g l e  is s m a l l ,  s u c h  t h a t  

L i f t =  we igh t  

a l o n g  t h i s  maneuver ,  t h e  a n g l e  of a t t a c k  h i s t o r y  c a n  be g e n e r a t e d  by 
l i n e a r l y  i n t e r p o l a t i n g  between s t o r e d  s t r a i g h t  and l e v e l  trim data  a t  t h e  

Mach number - a l t i t u d e  g i v e n  by t h e  e q u a t i o n s  ( 3 . 1 )  and  ( 3 . 3 ) .  S i n c e  the 
a n g l e  of a t t ack  will be c lose t o  t h e  s t r a i g h t  and l e v e l  t r i m  v a l u e s ,  t h e  

ae rodynamic  surface s e t t i n g  a t  these trims can  be used  t o  g e n e r a t e  a p p r o x i -  
m a t e  open  loop c o n t r o l  s e t t i n g s .  Assuming n e x t  t h a t  u n d e r  t h e s e  c o n d i t i o n s ,  
t h e  a c t u a l  d r a g  is  close t o  t h e  trim v a l u e s ,  t h e  r e q u i r e d  t h r u s t  may be 

computed a s  f o l l o w s .  
A s s m i n g  t h a t  t h e  a i r c r a f t  t h r u s t  i s  a l i g n e d  w i t h  t h e  v e h i c l e  

l o n g i t u d i n a l  a x i s ,  t h e  a c c e l e r a t i o n  a l o n g  t h e  f l i g h t  p a t h  f o r  symmetric 

f l i g 5 t  i s  g i v e n  by 

Tcosa  -D trim 
m - g s i n Y  i =  ( 3 . 4 )  

I n  t h e  e x p r e s s i o n  ( 3 . 4 1 ,  T is t h e  t h r u s t ,  Y f l i g h t  p a t h  a n g l e ,  a t h e  

a n g l e  of a t t a c k ,  D t h e  ae rodynamic  d r a g ,  m t h e  a i r c r a f t  mass and V t h e  

v e l o c i t y  a l o n g  the  f l i g h t  p a t h .  I n  o r d e r  t o  compute t h e  r e q u i r e d  t h r u s t ,  
t h e  e q u a t i o n  ( 3 . 4 )  can be  m a n i p u l a t e d  t o  t h e  form g i v e n  below 

trim c o s a  ( 3 . 5 )  
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To compute the  t h r o t t l e  s e t t i n g ,  a l i n e a r  t h r u s t - t h r o t t l e  c h a r a c t e r i s t i c  

w i l l  be assumed. Thus, 

Ttrim = -  

Tmax ‘trim ’ 

i s  the s t r a i g h t  a n d  l e v e l  t h r o t t l e  s e t t i n g  ‘trim 

corresponding t o  maximum t h r o t t l e  s e t t i n g .  

‘actual si T/Tmax 

( 3 . 6 )  

is the  t h r u s t  and Tmax 

( 3 . 7 )  

Duping t h i s  maneuver, one expects the body r a t e s  t o  be small .  Consequently, 

the  commanded values of these  quan t i t i e s  a r e  zero. 

I f  the t h r o t t l e  s e t t i n g  emerging from t h i s  ana lys i s  i s  g rea t e r  than 

t h e  maximum or  less than  t h e  minimum, i t  ind ica t e s  t h a t  t he  assumed time of 

f l i g h t  f o r  the  maneuver i s  u n r e a l i s t i c  o r  t h a t  the  model is inadequate o r  
both. T h i s  quant i ty  has t h e n  t o  be changed appropr ia te ly  t o  make t h e  

maneuver f e a s i b l e .  

3.2 e 2 Level Accelerat  i on/Decel e r a t  i on 

T h i s  is  a wings l e v e l ,  constant  a l t i t u d e  maneuver w i t h  Mach number 

constant  or changing a t  a spec i f i ed  r a t e .  The  maneuver modeling f o r  t h i s  

t r a j e c t o r y  is  e s s e n t i a l l y  a subse t  of the trajectory 3.2.1. Put t ing  

a,=a,=a,=O in (3 .1)  results i n  

h - h, ,  constant  

Y = 0, constant  (3.8) 

and V = V ,  + {t ,  w i t h  \j spec i f i ed .  
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T h e  r e q u i r e d  t h r u s t  and  t h e  c o r r e s p o n d i n g  t h r o t t l e  c a n  be computed as i n  
3.2.1. The open loop c o n t r o l  s u r f a c e  s e t t i n g s  and t h e  o t h e r  commands a r e  
l i n e a r l y  i n t e r p o l a t e d  from t h e  s t r a i g h t  and l e v e l  trim data  base. 

3.2.3 P u s h o v e r ,  P u l l u p  

T h i s  is a wings l e v e l ,  c o n s t a n t  Mach number maneuver i n  which t h e  

angle of a t t a c k  is  v a r i e d  a s p e c i f i e d  i n c r e m e n t  a b o u t  the  trim v a l u e  a t  some 
spec i f i ed  ra te .  The maneuver is shown i n  Fig. 3.1. The c o r r e s p o n d i n g  a n g l e  
of a t t a c k  h i s t o r y  i s  g i v e n  i n  F i g .  3 . 2 .  

F i g u r e  3.1. Pushover  - P u l l u p  F l i g h t  Test T r a j e c t o r y .  
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Fi’gure 3.2. Angle of Attack History Along the  Pushover - P u l l u p  

F l i g h t  Tes t  Trajectory.  J 

The maneuver modeling fo r  t h i s  f l i g h t  test  t r a j e c t o r y  uses the  assump- 

t i o n  t h a t  p i tch  r a t e  is c lose  t o  zero.  

f l i g h t ,  t h e  f l i g h t  path angle  Y can be ca lcu la ted  as the di f fe rence  between 

t h e  p i t c h  a t t i t u d e  and 8 and t h e  angle of attack a. Thus 

Since the  a i r c r a f t  is i n  symmetric 

Y - e - a ,  (3.9) 

and a is spec i f i ed  a s  a func t ion  of time, the  f l i g h t  path angle  can be corn- 

puted. Now, 

ti - V s i n y  - MC SinY (3.10) 
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where C is t h e  s p e e d  of sound spec i f i ed  a s  a func t ion  of a l t i t u d e  h and M 

is the  desired Mach number. Equation (3.10)  can be a n a l y t i c a l l y  o r  

numerically in tegra ted  t o  y i e ld  t h e  a l t i t u d e  h i s to ry .  
may be computed from t h e  following equations.  

The t h r o t t l e  s e t t i n g  

Since Mach number is t o  remain constant throughout t he  maneuver, one 
V 

ca:! d i f f e r e n t i a t e  t h e  expression f o r  Mach number ( M  - F) w i t h  respect  t o  

time and equate t o  zero t o  obta in  

v2 ac i = - -sinv C ah 

Equating expressions (3.12) and (3.41, one has 

v 2  ac . TCosa - D - gsinY - -sinY = c ah  m 

From w h i  ch 

T - [-- v 2  ac + gJ-- msinY + - D 
C ah  Cosa Cosa 
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The drag a t  t h e  commanded angle of a t t ack  can be computed from l inea r i zed  

drag c o e f f i c i e n t  spec i f i ed  a s  a func t ion  of a, t he  dynamic pressure and the  

re ference  area.  As before,  t h e  l i n e a r  t h r o t t l e  assumption i s  invoked t3 

compute the  t h r o t t l e  s e t t i n g .  

“trim 

‘actual Ttrim 
= T o -  

3 . 2 . 4  Zoom and Pushover 

(3.15) 

The zoom and pushover is  a wings-level,  t h r u s t  s t a b i l i z e d  l e s s  thar? ’ 6  

maneuver. 

Machlal t i tudelangle  of a t t ack  point a t  t he  apex. An i l l u s t r a t i o n  of tne 

zoom and pushover f l i g h t  t e s t  t r a j e c t o r y  is given i n  Fig. 3.3. The maneuver 

begins a t  0 w i t h  s t r a i g h t  and l e v e l  f l i g h t  condi t ions.  A transient-uianeuver 

is performed t o  t r a n s f e r  t he  a i r c r a f t  t o  t he  point A with a l l  con t ro l s  

ac t ive .  A t  t h e  point A ,  t h e  t h r o t t l e  is  f i x e d  a t  a predetermined value and 

the  a i r c r a f t  executes the  zoom and pushover t r a j e c t o r y .  A t  the  point B ,  t h e  

t h r u s t  cont ro l  is r e i n s t a t e d  and a t r a n s i e n t  t r a j e c t o r y  t r a n s f e r s  the 

a i r c r a f t  back t o  s t r a i g h t  and level f l i g h t  condi t ions a t  point C .  

The f l i g h t  t r a j e c t o r y  is a parabol ic  path w i t h  t h e  t a r g e t  



T h i s  is p e r h a p s  t h e  most c o m p l i c a t e d  of a l l  t h e  symmetric f l i g h t  t e s t  

maneuvers.  

f i r s t  phase,  t h e  a i r c ra f t  i s  t r a n s f e r r e d  from its s t r a i g h t  and l e v e l  f l i g h t  

c o n d i t i o n  t o  t h e  b e g i n n i n g  of t h e  p a r a b o l i c  f l i g h t  pa th .  
i s  t h e  r e q u i r e d  zoom and pushover  maneuver f o l l o w e d  by t he  t h i r d  p h a s e  which  

b r i n g s  t h e  a i r c ra f t  back t o  i ts  o r i g i n a l  s t r a i g h t  and  l e v e l  f l i g h t  cond i -  

t i o n s .  
t h e  maneuver m o d e l i n g  d i s c u s s e d  i n  3.2.1 is d i r e c t l y  a p p l i c a b l e .  
phase  w i l l  be a n a l y z e d  i n  t h i s  s e c t i o n .  

T h i s  f l i g h t  tes t  t r a j e c t o r y  c o n s i s t s  of three p h a s e s .  I n  t h e  

The s e c o n d  p h a s e  

The f irst  and t h i r d  p h a s e  maneuvers  are e s s e n t i a l l y  t r a n s i e n t s  and 
The s e c o n d  

A p a r a b o l i c  f l i g h t  p a t h  has t h e  f o l l o w i n g  p r o p e r t i e s  

1 .  H o r i z o n t a l  a c c e l e r a t i o n  is zero 

2. Vertical a c c e l e r a t i o n  i s  c o n s t a n t  

3 .  T o t a l  e n e r g y  is c o n s t a n t .  

S i n c e  t h e  a p e x  s p e e d  is  s p e c i f i e d ,  s a y  V o n e  has T' 

vT x - VcosY = c o n s t a n t  - 
Here, x is t h e  down r a n g e .  Note t h a t  s i n c e  t h e  a i r c ra f t  is  i n  

symmetric f l i g h t ,  t h e  c r o s s  r a n g e  is z e r o .  Thus ,  

-1 'T 
Y - - + cos [TI (3 .16)  

a p o s i t i v e  or n e g a t i v e  s i g n  has t o  be chosen  based o n  whether  t h e  a i r c ra f t  

i s  f l y i n g  t o w a r d s  t h e  a p e x  or away f rom i t .  

From t h e  g i v e n  apex s p e e d ,  a n g l e  of  a t t a c k  and a l t i t u d e ,  t h e  l i f t  and 

d r a g  can be computed u s i n g  t h e  s t r a i g h t  and l e v e l  trims data base u s i n g  
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l i n e a r i z e d  aerodynamic  c o e f f i c i e n t s .  From c o n s t a n t  e n e r g y  p r o p e r t y ,  one  

h a s ,  a t  t h e  apex  of t h e  p a r a b o l a ,  

TCosa - D 
T ( 3 . 1 7 )  

From which,  t h e  t h r o t t l e  s e t t i n g  a t  t h e  apex can be computed a s  f o l l o w s  

‘trim 

‘ a c t u a l  Ttrim 
= T . -  (3 .18)  

3 i t h  l i f t  and t h r u s t ,  t h e  v e r t i c a l  a c c e l e r a t i o n  a t  t h e  apex  can b.? c o n ? u t e d .  

T h u s  

T s i n y  + L 
m - g = g a  (3.19) 

Note t h a t  ga s h o u l d  be a n e g a t i v e  q u a n t i t y ,  n u m e r i c a l l y  less t h a n  t h e  

a c c e l e r a t i o n  due t o  g r a v i t y  g .  

t h r o u g h  t h e  p a r a b o l i c  p a t h .  

m a t e s  t h e  p a t h  of a p r o j e c t i l e  i n  a uni form c o n s e r v a t i v e  f o r c e  f i e l d .  The 

t o t a l  e n e r g y  of t h e  a i r c ra f t  i n  t h i s  f i e l d  is  g i v e n  by 

The a c c e l e r a t i o n  g h a s  t o  r e m a i n  c o n s t a n t  a 
T O  Summarize, t h e  a i r c ra f t  t r a j e c t o r y  a p p r o x i -  

= c o n s t a n t  V 2  
E = h + -  -aa (3.20) 

E x p r e s s i o n  (3 .20 )  can  be used t o  compute t h e  s p e e d  a l o n g  t h e  p a r a b o l i c  p a t h ,  

g i v e n  t h e  a l t i t u d e .  
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N e x t ,  g i v e n  t h e  a l t i t u d e  a t  which t h e  p a r a b o l a  is  t o  b e g i n ,  and 

pe rhaps  e n d ,  one  can  write 

g a  h h, + h o t  + -t’ 2 

w i t h  io computed u s i n g  t h e  f o l l o w i n g  r e l a t i o n s .  

Y o  = cos 

and 

. 
h, = V,s inY,  

(3.21 1 

(3.22) 

The time of f l i g h t  on t h i s  p a r a b o l a  i s  e a s i l y  computed w i t h  e q u a t i o n  (3 .21)  

i n  t h e  g e n e r a l  case o r  w i t h  t h e  f o l l o w i n g  e q u a t i o n  i f  the  zoom and pushover  
p a r a b o l a  i s  symmet r i c  a b o u t  its ax is .  

t , = $ v  (3.23) 
ga 

Note t h a t  t h e  t h r o t t l e  i s  t o  r e m a i n  f i x e d  a t  t h e  v a l u e  g i v e n  by t h e  e q u a t i o n  

(3 .18) .  The a n g l e  of a t tack  t h r o u g h o u t  t h e  p a r a b o l i c  p a t h  i s  computed from 

Tea + Lo + Laa 

m ga - gcosy = ( 3 . 2 4 )  
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with = Tmax ‘ac tua l  f o r  a h a s  been u s e d .  

The open loop c o n t r o l  s u r f a c e  s e t t i n g s  are assumed t o  be t h e  i n t e r -  

pDla t ed  v a l u e s  from t h e  s t r a i g h t  and l e v e l  trim d a t a  b a s s .  

3.2.5 Excess T h r u s t  Windup Turn  

. 
T h i s  is  a maneuver w i t h  a n g l e  of  a t t a c k  l i n e a r l y  i n c r e a s i n g  from t h e  

w i n g s - l e v e l  trim c o n d i t i o n  t o  some s p e c i f i e d  f i n a l  v a l u e  a t  a s p e c i f i e d  
r a t e .  The maneuver is  performed a t  c o n s t a n t  a l t i t u d e  and  c o n s t a n t  Mach 

number. A schematic f i g u r e  o f  t h i s  maneuver is shown i n  F i g .  3.4. 

F i g u r e  3.4. E x c e s s  T h r u s t  Windup T u r n  F l i g h t  T e s t  T r a j e c t o r y .  

As ment ioned  elsewhere i n  t h i s  r e p o r t ,  t h e  trim d a t a  base c o n s i s t s  of 

s t r a i g h t  and l e v e l  trims a t  s e v e r a l  M a c h - a l t i t u d e  p a i r s  a l o n g  w i t h  l e v e l  
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t u r n s  a t  several Mach-a l t i  t u d e - l o a d  f a c t o r  c o n d i t i o n s .  S i n c e  excess t h r u s t  

windup t u r n  can  be c o n s i d e r e d  t o  c o n s i s t  of s e v e r a l  l e v e l  t u r n  trim cond i -  
t i o n s  a p p r o p r i a t e l y  p i e c e d  t o g e t h e r ,  t h i s  maneuver model is m e r e l y  a 3- 
Dimens iona l  i n t e r p o l a t i o n  u s i n g  t h e  trim d a t a  b a s e .  

3.2.6 C o n s t a n t  T hrot  t 1 e Windup Turn 

T h i s  is a maneuver w i t h  a n g l e  o f  a t t a c k  i n c r e a s i n g  l i n e a r l y  a t  a 

s p e c i f i e d  r a t e  from trim t o  some s p e c i f i e d  f i n a l  v a l u e .  The maneuver is  
performed a t  a p r e d e t e r m i n e d ,  c o n s t a n t  t h r u s t  l e v e l .  Mach numSer i s  main- 

t a i n e d  by t r a d i n g  p o t e n t i a l  f o r  k i n e t i c  e n e r g y  v i a  a n  a p p r o p r i a t e  a l t i t u d e  

r a t e .  

S i n c e  Mach number is  c o n s t a n t ,  o n e  can  write as i n  equation (3 .12 )  

i s - -  ’* s i n y  c ah  (3.25) 

F l u r t h e r ,  s i nce  t h e  a l t i t u d e ,  Mach number and a n g l e  of a t t a c k  a t  t h e  i n i t i a l  
p o i n t  are known, one can compute 

*max = Ttrim’ntrim (3 .26)  

from t h e  trim d a t a  base. 

t h e  a c t u a l  t h r u s t  

Let t h e  t h r o t t l e  be f i x e d  a t  a v a l u e  nR. Thus ,  

30 

(3 .27)  



I f  t h e  a c t u a l  t h r u s t  

g:ven M a c h - a l t i t u d e - a n g l e  of a t t ack  c o n d i t i o n ,  t h e  Mach number c a n  be main- 
tairled c o n s t a n t  o n l y  by a p o s i t i v e  a l t i t u d e  r a t e ,  
eve? TR is less t h a n  T trim' 
be 

TR is greater t h a n  t h a t  r e q u i r e d  f o r  l e v e l  t u r n  a t  t h e  

The  r e v e r s e  a p p l i e s  wher- 
Let t h e  e x c e s s  t h r u s t  o v e r  t h e  l e v e l  t u r n  t?ir  

- 
trim AT - TR 

Now, o n e  has 

v z  ac AT Cosa - gsinY - -sinY = C ah m 

from which, 

Y = s i n  

( 3 . 2 8 ?  

(3 .29 ;  

(3.30) 

L J 

Also, 

h = VsinY (3.31 1 

The e x p r e s s i o n  (3.31 

the  new a l t i t u d e .  

w i shes  t o  o b t a i n  t h e  t r a j e c t o r y .  

c a n  be n u m e r i c a l l y  i n t e g r a t e d  over one s t e p  t o  o b t a i n  
The c a l c u l a t i o n s  may be r e p e a t e d  as many times as o n e  

31 



I t  i s  i m p o r t a n t  t o  b e g i n  t h i s  t r a j e c t o r y  a t  a high-g t u r n ,  s i n c e  
f i x i n g  t h e  t h r o t t l e  a t  a s t r a i g h t  and l e v e l  c o n d i t i o n  c a n  r e s u l t  i n  an  

i n i t i a l  a c c e l e r a t i o n  o r  a h i g h  p a t h  a n g l e  c l i m b l d e s c e n t .  
a v o i d  c o n f u s i o n ,  t h i s  maneuver r e q u i r e s  a n  i n i t i a l  and t e r m i n a l  maneuver.  
Thus th ree  p h a s e s  a r e  r e q u i r e d  t o  e x e c u t e  t h i s  maneuver.  

Hence, i n  order  t o  

1. A t r a j e c t o r y  b e g i n n i n g  a t  s t r a i g h t  a n d  l e v e l  f l i g h t  a t  t h e  
des i red  M a c h - a l t i t u d e  pa i r  and e n d i n g  a t  a h igh -g  l eve l  t u r n  w i t h  
a l l  c o n t r o l  s u r f a c e s  and  t h r o t t l e  a c t i v e .  

2. C o n s t a n t  t h r u s t  windup t ra jec tory .  

3. Te rmina l  maneuver a t  c o n s t a n t  a l t i t u d e  t r a n s f e r r i n g  t h e  v e h i c l e  
f rom t h e  l e v e l  t u r n  a t  c o n s t a n t  t h r u s t  c o n d i t i o n s  t o  s t r a i g h t  and  
l e v e l  f l i g h t .  

A t y p i c a l  c o n s t a n t  t h r u s t  windup t u r n  t r a j e c t o r y  is g i v e n  i n  F i g .  3.5. 

F igu re  3.5. C o n s t a n t  T h r u s t  Windup T u r n  T r a j e c t o r y  Descend ing  F l i g h t .  
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3.2.7 C o n s t a n t  Dynamic Pressure and C o n s t a n t  Load F a c t o r  T r a j e c t o r y  

T h i s  maneuver i s  i n i t i a t e d  a t  a p r e d e t e r m i n e d  load f a c t o r ,  Mach 

n u n b e r ,  and dynamic p r e s s u r e .  T h u s ,  t h e  i n i t i a t i o n  of t h i s  maneuver i s  not  

n e c e s s a r i l y  t h e  w i n g s - l e v e l  c o n d i t i o n .  T h i s  maneuver can  be e i ther  a n  
a s c e n d i n g  or  d e s c e n d i n g  a t  a spec i f i ed  Mach number r a t e .  
and load f ac to r  are  h e l d  c o n s t a n t  t h r o u g h o u t  t h e  maneuver .  A l t i t u d e  i s  
g a i n e d  or  l o s t  t o  m a i n t a i n  dynamic p r e s s u r e  w i t h  chang ing  Mach number.  

Dynanic  p r e s s u r e  

As i n  t h e  maneuver 3 .2 .6 ,  t h i s  t r a j e c t o r y  a l s o  r e q u i r e s  th ree  p h a s e s .  

The first is  a l e v e l  t u r n  t o  a c h i e v e  t h e  r e q u i r e d  load  f ac to r  from s t r a i g h t  
and l e v e l  f l i g h t  a t  t h e  d e s i r e d  M a c h - a l t i t u d e  p a i r .  The t h i r d  p h a s e  
restores t h e  a i r c ra f t  t o  s t r a i g h t  and  l e v e l  f l i g h t  a t  t h e  f i n a l  Mach- 

a l t i t u d e  c o n d i t i o n .  Both these  maneuvers  can  be c o n s t r u c t e d  by 

i n t e r p o l a t i n g  between t h e  s t o r e d  trim d a t a  p o i n t s  a t  t h e  c u r r e n t  Mach- 
a l t i t u d e - l o a d  f ac to r  c o n d i t i o n s .  I n  t h e  f o l l o w i n g  we s h a l l  d i s c u s s  t h e  

c o n s t  a n t  dynamic p r e s s u r e - c o n s t  a n t  l o a d  f a c t o r  t r a j e c t o r y  model ing  . Note 

t h a t  t h i s  deve lopment  d o e s  not depend e x p l i c i t l y  on t h e  load factor .  
t h i s  model is v a l i d  f o r  a l l  load fac tors  i n c l u d i n g  a c o n s t a n t  u n i t y  l o a d  

fac tor ,  wings  l e v e l ,  c o n s t a n t  dynamic p r e s s u r e  t r a j e c t o r y .  

T h u s ,  

The dynamic p r e s s u r e ,  Q is g i v e n  by 

p ( h )  V 2  ( 3 . 3 2 )  
1 Q = -  2 

D i f f e r e n t i a t i n g  t h e  e x p r e s s i o n  (3.32) w i t h  r e s p e c t  t o  time and u s i n g  t h e  
a l t i t u d e  r a t e  e q u a t i o n ,  w i t h  6 = 0,  o n e  has 

1 aP - -  sin^ + p ( h ) \ j  = 0 2 ah 
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or 

1 a P  i = - - - V Z s i n Y  
2P ah 

Since the  Mach number is g i v e n  by 

i n  order t o  maintain a des i red  Mach r a t e ,  one m u s t  have 

from which 

i = A c + -  v 2  - s i n v  c ah 

Equating the  expressions (3.33)  and (3.341, one has 

(3.33) 

(3 .34)  

(3.35) 
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There a r e  two important connlusions t h a t  can be drawn from the  expression 

(3 .35)  

a P  ac 
1 .  Since - and - a r e  negative (dens i ty  and speed of sound do,crease 

w i t h  increas ing  a l t i t u d e ) ,  a pos i t i ve  w i l l  r esu l t  i n  a climSing 

t r a j e c t o r y  while a negative fi w i l l  y i e ld  a descending p i t h .  

a h  a h  

ane 2 .  T h i s  maneuver cannot be flown a i  a l t i t u d e s  where - and - ah  ah  
near ly  zero u n l e s s  the des i red  Mach r a t e  is  a l s o  zero.  

a p  

As before,  the  a l t i t u d e  r a t e  equation 

may be numerically in t eg ra t ed  over a small time s t e p  t o  ob ta in  t h e  new 

a l t i t u d e .  The ac tua l  t h r o t t l e  s e t t i n g  is again computed from the l e v e l  t u r n  
trim t h r u s t  and t h r o t t l e  s e t t i n g  a t  t h e  cu r ren t  Mach-altitude-load f a c t o r  as 

follows . 

T -  max Ttrim’ntrim 

1 m s i n Y  D T - [g - - 3 v z ]  - + - 
2p  ah Cosa Cosa 

(3 .37)  

(3.38) 

(3.39) 
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The angle of a t t ack  and drag i n  t h e  expression (3.38) a r e  the  in te rpola ted  

values from t h e  trim data  base a t  t h e  cu r ren t  Mach-altitude-load f a c t o r .  

T h e  Mach number as  a func t ion  of time i s  obtained fran 

M = M, + k t  (3.40) 

The command body r a t e s  and open loop cont ro l  sur face  def lec t ions  a r e  again 

t h e  i n t e rpo la t ed  values from the trim da ta  base. 

3.2.8 Constant Reynolds Number and Constant Load Factor Tra jec tory  

T h i s  maneuver is i n i t i a t e d  a t  a predetermined load f a c t o r ,  Mach number 
and  Reyno lds  number. T h u s ,  t h e  i n i t i a t i o n  of t h i s  maneuver is n o t  

necessa r i ly  t h e  wings-level condition. This  maneuver can be e i t h e r  

ascending o r  descending a t  a spec i f i ed  Mach number rate.  Reynolds number 

and load f a c t o r . a r e  held constant throughout t h e  maneuver. A l t i t u d e  i s  
gained o r  l o s t  t o  maintain Reynolds number w i t h  changing Mach number. 

T h i s  maneuver model is d i f f e r e n t  from 3.2.7 only i n  the  way t h a t  one 
computes t h e  f l i g h t  path angle and the  t h r o t t l e  s e t t i n g .  Hence only these  

two aspec ts  w i l l  be discussed i n  t h e  following. As i n  maneuver 3.2.7, the 

modeling does not depend e x p l i c i t l y  on t h e  load f a c t o r .  Consequently, the  
following development is va l id  f o r  a l l  load f a c t o r s  including a wings l e v e l ,  

u n i t y  load f a c t o r  - Constant Reynold's number t r a j e c t o r y .  

The Reynold's number, Re is  given by 

Re J - V D p ( h )  , where p is t h e  Viscosi ty  of atmosphere (3.41) 
u ( h )  
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Dif fe ren t i a t ing  t h e  expression (3.41 1 w i t h  respect  t o  time and u s i n g  t h e  

a l t i t u d e  r a t e  equat ion,  w i t h  Fie = 0 ;  one has 

Equating t e expression ( 3 . 4 2 )  t o  equalion (3.341, 

1 iC 
(1 av - 1 32 - - 1 *,,2 

IJ ah p ah C ah 

( 3 . 4 2 )  

(3.43) 

As i n  the  constant  dynamic pressure ,  constant  load f a c t o r  f l i g h t  test  t r a -  

a h ’  
j e c t o r y ,  we note  t h a t  t h i s  maneuver cannot be flown a t  a l t i t u d e s  where - a L  

and ac a r e  near ly  zero u n l e s s  the desired Mach r a t e  i s  a l s o  zero.  The 
a h  ah 
ac tua l  t h r o t t l e  s e t t i n g  can be computed from the  l e v e l  t u r n  trim t h r u s t  and 

t h r o t t l e  s e t t i n g  a t  t h e  cu r ren t  Mach-altitude-load f a c t o r  as fol lows.  

i au  1 a p  msi nY D T [(; 5 - - -)V2 + g] - + - P ah Cosa Cosa 

“trim IT- 
“ t r i m  % ct ual 

(3.44) 

(3.45) 

To f a c i l i t a t e  easier computations, a FORTRAN program has been written 
t o  genera te  t h e  requi red  commands and open loop cont ro l  s e t t i n g s  given t h e  

appropr ia te  da ta .  A l i s t i n g  of t h i s  code is given i n  Appendix C. 



S E C T I O N  4 

M L N Z W E R  A U T O P I L D T  D E S I G N  

The p r e v i o u s  s e c t i o n  d e s c r i b e d  t h e  r e q u i r e d  maneuver m o d e l i n g ,  whereby 

fo r  e i g h t  c h o s e n  maneuver s ,  a s u b s e t  of t h e  o u t p u t s  are c o n s t r a i n e d  t o  

p r e s p e c i f i e d  time h i s t o r i e s .  For t h e  c o n t r o l  a n a l y s i s  and d e s i g n  done i n  
t h i s  s t u d y  t o  have any  v a l u e  when a p p l i e d  t o  t h e  F-15 n o n l i n e a r  s i m u l a t i o n  
or t h e  a c t u a l  a i r c r a f t ,  c o n s i s t e n t  v a l u e s  fo r  a l l  of t h e  dynamic s t a t e s  and 
c o r r e s p o n d i n g  c o n t r o l  v a l u e s  a l o n g  t h e  t r a j e c t o r y  must  be f o u n d .  There a re  
a t  l e a s t  two s t ra ight forward  ways t o  g e n e r a t e  t h e  r e q u i r e d  r e f e r e n c e  s t a t e s  
and c o n t r o l s .  F i r s t ,  o n e  c o u l d  i t e r a t i v e l y  s i m u l a t e  w i t h  t h e  n o n l i n e a r  

model u n t i l  a n  open  l o o p  law a p p r o x i m a t e s  t h e  des i r ed  o u t p u t  time h i s t o r i e s .  

T h i s  c o u l d  be done s y s t e m a t i c a l l y  w i t h  n u m e r i c a l  n o n l i n e a r  o p t i m i z a t i o n ,  

u s i n g  a p a r a m e t e r i z a t i o n  of t h e  c o n t r o l  s u r f a c e  and t h r u s t  time h i s t o r i e s .  

Or s e c o n d l y ,  o n e  can  trim t h e  n o n l i n e a r  s i m u l a t i o n  a t  a number of c o n d i t i o n s  

c l o s e  t o  t h e  desired t r a j e c t o r y  and  a p p r o x i m a t e  t h e  dynamic r e f e r e n c e  t r a -  

j ec to ry  fran these trim v a l u e s .  The l a t t e r  approach  w a s  chosen  both  b e c a u s e  
of t h e  c o m p l e t e n e s s  and  f l e x i b i l i t y  of t h i s  t a b u l a r  r e p r e s e n t a t i o n  of t h e  

n o n l i n e a r  a i rc raf t  c h a r a c t e r i s t i c s ,  and  b e c a u s e  of t h e  c o n n e c t i o n  w i t h  t h e  

p e r t u r b a t i o n  trim c o n t r o l l e r s  d e s i g n e d  t o  w o r k  a l o n g  w i t h  t h e  r e f e r e n c e  t ra-  

jec tory  commands. I t  s h o u l d  a l s o  be p o i n t e d  o u t  t h a t  t h i s  "s ta t ic"  approach  
e l i m i n a t e d  t h e  n e e d  f o r  a n y  n o n l i n e a r  s i m u l a t i o n  d u r i n g  t he  c o n t r o l  d e s i g n  
stage. a p a r t  from e x e c u t i o n  of a l i n e a r i z i n g  program [ l l ]  which  c o n t a i n s  t h e  

n o n l i n e a r  F-15 a i rc raf t  e q u a t i o n s .  
The n e x t  s u b s e c t i o n  shows how a t a b l e  of trim v a l u e s  c a n  be u s e d  t o  

d e v e l o p  a " l i n e a r  model" of t h e  e n t i r e  F-15 f l i g h t  test  s y s t e m  for d e s i g n  

and  e v a l u a t i o n  of t h e  a i r c ra f t  dynamic r e s p o n s e  i n  specified n o n l i n e a r  

maneuvers .  A s e c o n d  s u b s e c t i o n  o u t l i n e s  two d i f f e r e n t  l i n e a r  c o n t r o l  d e s i g n  
t e c h n i q u e s ,  e v a l u a t i n g  t he i r  s t r e n g t h s  and  w e a k n e s s e s ,  g i v i n g  p e r t u r b a t i o n  
c o n t r o l l e r  d e s i g n s  u s i n g  these two  t e c h n i q u e s .  A f i n a l  s u b s e c t i o n  p r e s e n t s  

a n  a s s e s s m e n t  and e x t e n s i o n  of t h e  n o n l i n e a r  p r e l  i n e a r i z i n g  c o n t r o l  

t e c h n i q u e  [ 1 2 ] ,  t h e  a p p l i c a t i o n  of which w i l l  be d e m o n s t r a t e d  i n  t h e  n e x t  
s t u d y  p h a s e ,  a l o n g  w i t h  l i n e a r  g a i n  s c h e d u l e d  control lers ,  on  t h e  f u l l  
n o n l i n e a r  dynamic s i m u l a t i o n .  

39 



4 . 1  THE F-15 FLIGHT TEST SYSTEM " L I N E A R "  MODEL 

I t  m u s t  be emphasized t h a t  w h i l e  the cont ro l  design approaches demons- 

t r a t e d  i n  t h i s  work a r e  based on l i n e a r  models, t he  maneuvers desired a r e  

h i g h l y  nonl inear .  As discussed above, t h e  nonlinear c h a r a c t e r i s t i c s  of the 

F-15 are condensed i n t o  a t a b l e  of trim values ,  which when properly used 

w i t h  l i n e a r  per turba t ion  c o n t r o l l e r s  g ives  a l i n e a r  time varying s imulat ion 

which accu ra t e ly  represents  t h e  nonlinear a i r c r a f t  response through the  

nonlinear maneuvers. Adequate cont ro l  through t h e  nonlinear maneuvers 

requi res  not only cons is ten t  open loop re ference  commands bu.t l i n e a r  

per turbat ion gain-scheduled c o n t r o l l e r s  as  wel l .  The gain-scheduled 

per turba t ion  c o n t r o l l e r s  a r e  designed e f f i c i e n t l y  by decomposing t h e  desired 

e i g h t  maneuvers i n t o  15 l i n e a r  design poin ts  f o r  both t h e  f i x e d  and var iab le  

t h r o t t l e  cases .  

4 . 1 . 1  The F-15 Nonlinear Tabular Model 

The nonlinear dynamics of t h e  F-15 can be represented over t he  

envelope w i t h  a s u f f i c i e n t  number of trim values 

s t o r e d ,  d i s t r ibu ted  as  shown on the  altitude-Mach plane i n  Figure 4 - 1 .  

and 5 :  145 poin ts  were 

A much coarser g r i d  of f l i g h t  condi t ions ,  than shown i n  t h i s  f i g u r e  

f o r  t h e  re ference  t r a j e c t o r y ,  was used for t h e  l i n e a r  per turba t ion  models 

about t he  t r a j e c t o r y ,  and consequently i n  the  l i n e a r  cont ro l  design s t a g e .  

Table 4-1 shows the  coarse d i s c r e t i z a t i o n  considered. S ince  i t  becomes 

increasingly d i f f i c u l t  t o  trim t h e  a i r c r a f t ,  p a r t i c u l a r l y  a t  h i g h  load 

f a c t o r s ,  i n  t h e  off-diagonal po in ts  i n  the  altitude-Mach plane,  only f i v e  

condi t ions ,  the  diagonal ones ind ica ted  ir? Table 4 - 1 ,  were used w i t h  t he  

three  d i f f e r e n t  load f a c t o r s  -- l g ,  38, and 4g. The e igh t  maneuvers were 

i n i t i a t e d  a t  d i f f e r e n t  condi t ions ( see  Sect ion 3) t o  exerc ise  c o n t r o l l e r s  a t  

various points  on the  f l i g h t  envelope. 
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The trim condi t ions used  i n  t h i s  work a r e  those w i t h  - = 0,  namely the  

n e t  forces  and moments a r e  zero. Since a l t i t u d e  r a t e  is  zero,  a load f ac to r  
g rea t e r  than one automatical ly  p u l l s  the  a i r c r a f t  i n t o  a l e v e l  t u r n  trim. 

The s t a t i c  na ture  of the trim points  is  overcome i n  construct ing a 
dynamic re ference  t r a j e c t o r y  by assuming a ramp i n  ve loc i ty  f o r  a spec i f i ed  
time of t r a n s i t i o n  between two trim poin ts .  T h i s  constant dV/dt  y ie lds  the 

t h r u s t  adjustment necessary t o  add t o  t h e  t r immed t h r u s t  f o r  a "dynamic" 

re ference  t h r u s t  and - V command. 

adjusted - x command i n  a l l  t h e  s t a t e s ;  however, t h e  requi red  computation and 

s torage  is l a rge .  Therefore,  only the  feedforward t h r u s t  (or  t h r o t t l e )  com- 

mand is  adjusted a s  described here ,  and the  l i n e a r  per turba t ion  con t ro l l e r  

generates  the  e x t r a  t r a n s i e n t  cont ro l  commands necessary f o r  a l l  t h e  s t a t e s  

t o  t r a n s i t i o n  between t h e  trim points .  T h i s  mechanization is  discussed more 
f u l l y  i n  t h e  next  subsect ion.  

Conceptually, one could so lve  f o r  an 

I n  summary, t h e  nonlinear F-15 model required f o r  e ight  nonlinear 
maneuvers has been represented by a t a b u l a r  desc r ip t ion  of t r i m  v a l u e s  of 

the  nonlinear s imulat ion a t  d i s c r e t e  points  on t h e  f l i g h t  envelope. The 

number of po in ts  used t o  represent  t h e  re ference  command is much f i n e r  than 
f o r  t h e  l i n e a r  models because t h e  re ference  command e f f e c t i v e l y  conta ins  t h e  1 

nonlinear behavior i n  i t .  Load f a c t o r s  g rea t e r  than one, l e v e l  t u r n  t r i m s ,  

have been used t o  generate  the  asymnetric models. 

By keeping t h e  l i n e a r  per turba t ion  model gr id  coarse ,  only a few per- 
t u rba t ion  c o n t r o l l e r s  need be designed, reducing both l i n e a r  model 

scheduling and gain schedul ing requirements i n  t he  l i n e a r  time-varying 

s imula t ion  va l ida t ions .  Nonlinear s imulat ions i n  the  n e x t  research phase 

w i l l  confirm whether o r  not t h e  number of design poin ts  is s u f f i c i e n t .  

Accurately speaking, t h e  "con t ro l l e r " ,  i s  not merely t h e  1 inear  per turba t ion  

ga ins ,  b u t  t he  way they a r e  mechanized along w i t h  t h e  re ference  commands. 
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ORIGINAL PAGE 1s 
4 . 1 . 2  Linear Per turbat ion Cont ro l le rs  QE POOR QUALITX 

Current ly ,  cont ro l  systems f o r  nor,linear p lan ts  a r e  synthesized u s i n g  

pertu-Sation models o r  t h e  s o  ca l l ed  l i nea r i zed  plant  models i n  conjunctio:? 
w i t h  the  powerful l i n e a r  system design approaches. The c o n t r o l l e r s  s o  

obtained may be termed Linear Per turbat ion Cont ro l le rs  t o  denote the  l i n e a r  

na ture  of the c o n t r o l l e r s  and t o  ind ica t e  t h e i r  func t ion ,  v i z ,  con t ro l l i ng  

per turba t ions  about t he  reference condition. If t h e  system i s  required t o  
t rack  a given command, the per turba t ion  models need t o  be generated a t  

severa l  opera t ing  poin ts  along t h e  command h i s to ry  a n d  c o n t r o l l e r s  designed. 

I n  highly nonl inear  systems such a s  a i r c r a f t ,  these c o n t r o l l e r s  can display 
s i g n i f i c a n t  v a r i a t i o n s ,  o f t en  r equ i r ing  these  t o  be scheduled as  a funct ion 

of the independent var iab le .  

The objec t ive  of the con t ro l l e r  i s  t o  ensure t h a t  a given nonlinea? 

system 

i = f(X,U) (4 .19  

follows a given t r a j e c t o r y  - X ( t > .  

t u rba t ion  models or t he  l i nea r i zed  models, some points  along the  des i red  

t r a j e c t o r y  - X ( t )  a r e  s e l e c t e d ,  say -1 X ' -2' X -3 X . . . . A s e t  of cont ro ls  

corresponding t o  these po in t s ,  l,, LJ2, lJ3 . . . . are next computed such 
t h a t  

Here X E B", U E Bm. To obta in  the  per- 

Note t h a t  t h i s  is not t h e  only poss ib le  approach. If the  des i red  t r a j e c t o r y  

s a t i s f i e s  i - f ( X , U )  f o r  nonzero J ,  then i t  can be used i n  t h e  subsequent 

de vel o pm e n  t . 
- - -  - 
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To d e r i v e  t h e  p e r t u r b a t i o n  model w i t h  s t a t e  p e r t u r b a t i o n s  6X and con- 
t r o l  p e r t u r b a t i o n s  b U ,  l e t  

(4.3) 
U - U + 6 U  - 

Expanding t h e  n o n l i n e a r  s y s t e m  ( 4 . 1 )  a b o u t  X ,  U and  r e t a i n i n g  o n l y  t h e  f i rs t  

order terms ( t h i s  i m p l i e s  t h a t  t h e  p e r t u r b a t i o n  are  sma l l ) ,  o n e  has 
- -  

b i  = f X 6 X  + f U 6 U  (4.4) 

The s u b s c r i p t s  d e n o t e  p a r t i a l  d e r i v a t i J e  matrices. Note t h a t  f X  and  f U  

depend o n  - -  X ,  U. 
which a c o n t r o l l e r  of t h e  form . 

The e x p r e s s i o n  (4.4) descr ibes  a l i n e a r  dynamic s y s t e m  f o r  

6 U  = K6X (4.5) 

c a n  be d e s i g n e d  a t  t h e  o p e r a t i n g  p o i n t s  X,, X 

p o i n t s ,  t h e  f o l l o w i n g  p r o c e d u r e  is s e t u p .  

-2’ . * .  
Next, t o  e n s u r e  t h a t  t h e  s y s t e m  t r a n s i t s  t h r o u g h  these o p e r a t i n g  

Assume t h a t  a l i n e a r  i n t e r p o l a t i o n  scheme between X X ... X 
-1 ’ -2’ -n 

a d e q u a t e l y  descr ibes  t h e  desired t r a j e c t o r y .  F u r t h e r ,  assume tha t  a t  any 
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i n t e - p o l a t e d  r e f e r e n c e  f l i g h t  c o n d i t i o n s  X . ,  i n  between X .  X - 
f ( X . ,  u . )  1 0 .  I n  t h i s  c a s e ,  t h e  p e r t u r b a t i o n  model (4.4) is g i v e n  by 

-1 ' - i+ l  ' -J 

-J -J 

a i  = f X 6 X  + f U 6 U  - - i ( t )  (4.6) 

Note t h a t  X i s  a p i e c e w i s e  c o n s t a n t  f u n c t i o f i  and a p p e a r s  as a d i s t u r b a n c e  ir, 

t h e  p e r t u r b a t i o n  model .  
- 

As n o t e d  e a r l i e r ,  t h e  p e r t u r b a t i o n  c o n t r o l l e r  i s  d e s i g n e d  w i t h  >i = C .  - 
Reca? 1 i ng t h a t  

Using ( 4 . 7 )  i n  (4.6)' t h e  l i n e a r i z e d  e q u a t i o n s  can be put  i n  t h e  form 

or 

x * f X X  + f"U - Z ( t )  (4.8) 

where 
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Simi la r ly ,  t he  per turbat ion con t ro l l e r  (4.5) becomes 

I 
I 

I K  
I ,  

- 

U = K ( X - X )  + U - - 

RET L R l N C C  
TRRJf CTORY 
GENERATOR 

J 

(4 .9)  

Exp-ession ( 4 . 9 )  i nd ica t e s  the  implementation of the l i n e a r  per turba t ion  

c c n t r d l e r ,  given i n  Figure 4-2. f o r  c l a r i t y .  

, Dislurbantes 

i - 
I 

I 
I 
I 
I 

I 
I 
I 
I 
I 
I 
I 

Figure 4-2. Implementation of t h e  Linear Per turba t ion  Cont ro l le r  

Note t h a t  the  gain matrix K va r i e s  a s  a func t ion  of some scheduled 

var iab le .  Expression (4.8) has an i n t e r e s t i n g  i n t e r p r e t a t i o n ,  v i z ,  when the  

per turba t ions  about t h e  desired path a r e  small, i t  descr ibes  t h e  nonlinear 

system dynamics w i t h  a high degree of f i d e l i t y .  Hence, under closed loop 

con t ro l ,  the  dynamics given by ( 4 . 8 )  w i l l  be very c lose  t o  t h a t  of the 
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o r i g i n a l  n o n l i n e a r  s y s t e m  ( 4 . 1 ) .  T h i s  f a c t  means t h a t  l i n e a r ,  t ime v a r y i n g  
s i m u l a t i o n s  c a n  be mechanized  i n  a s t r a i g h t f o r w a r d  way from t h e  r e l a t i o n -  
s h i p s  and  models d i s c u s s e d  here .  While  s e c t i o n  f i v e  r e v i e w s  t h e  concep'l of 

l i n e a r  t i m e - v a r y i n g  s i m u l a t i o n  before g i v i n g  t h e  v a l i d a t i o n  r e s u l t s ,  i t  i s  

c o n v e n i e n t  t o  c o n t i n u e  our l i n e  of t h o u g h t  and go o v e r  t h e  m e c h a n i z a t i o n  
here i n  t h e  maneuver a u t o p i l o t  d e s i g n  s e c t i o n .  

4 .1 .3  L i n e a r  Time Vary ing  S i m u l a t i o n  

A s  n o t e d  elsewhere, f o r  h i g h l y  n o n l i n e a r  s y s t e m s  s u c h  as a i r c r a f t ,  t h e  

g a i n  mat r ix  K i n  (4.9) would d i s p l a y  l a r g e  v a r i a t i o n s  as  a f u n c t i o n  of t h e  

f l i g h t  c o n d i t i o n .  And h e n c e ,  some t y p e  of s c h e d u l i n g  s t r a t e g y  w i l l  be 

e s s e n t i a l  f o r  t h e  s a t i s f a c t o r y  o p e r a t i o n  of t h e  c o n t r o l  s y s t e m .  To e v a l v e  
t h e  s c h e d u l i n g  s t r a t e g y ,  i t  is  d e s i r a b l e  t o  have a s i m u l a t i o n  of t h e  s y s t e r t  

w h i c h  h a s  lesser c o m p l e x i t y  t h a n  t h e  o r i g i n a l  n o n l i n e a r  systerr , .  

Examining e x p r e s s i o n  (4 .8)  i n  view of t h e  a b o v e ,  o n e  f i n d s  t h a t  t h e  

p a r t i a l  d e r i v a t i v e  matrices f a n d  f as  f u n c t i o n s  of X ,  U h a v e  a l r e a d y  been 

computed a t  t h e  c o n t r o l l e r  d e s i g n  s t a g e .  The r e f e r e n c e  t r a j e c t o r y  E ,  - U is 
a l s o  known. S i n c e  t h i s  e x p r e s s i o n  describes t h e  n o n l i n e a r  s y s t e m  dynamizs 

a d e q u a t e l y  f o r  small p e r t u r b a t i o n s ,  i t  may be used  t o  d e v e l o p  a l i n e a r  time 

v a r y i n g  s i m u l a t i o n  t o  e v a l u a t e  t h e  c o n t r o l l e r  s c h e d u l i n g .  F i g u r e  4-3 g i v e s  
t h e  formal s t r u c t u r e  of t h e  l i n e a r  time v a r y i n g  s i m u l a t i o n .  T h i s  b lock  

diagram is  s t r u c t u r a l l y  similar t o  t h e  l i n e a r  p e r t u r b a t i o n  c o n t r o l l e r  
i m p l e m e n t a t i o n  g i v e n  i n  Figure 4 . 2 .  The e s s e n t i a l  d i f f e r e n c e  be tween  them 

- -  X U 

is  t h a t  t h e  n o n l i n e a r  a i rc raf t  model has been r e p l a c e d  by a l i n e a r  time- 
v a r y i n g  model w i t h  d i s t u r b a n c e  i n p u t s .  
- U are l i n e a r l y  i n t e r p o l a t e d  between time p o i n t s .  
m e c h a n i z a t i o n ,  t h e  p a r t i a l  d e r i v a t i v e  matrices f 
same time p o i n t s  and  l i n e a r l y  i n t e r p o l a t e d .  T h u s ,  a l o n g  a c o n t e m p l a t e d  
maneuver ,  three or four - -  X ,  U, p o i n t s  are chosen a n d  t h e  c o r r e s p o n d i n g  f X ,  

f U ,  matrices are s tored .  

As ment ioned  i n  S e c t i o n  4 . 1 . 2 ,  - X a n d  

I n  order t o  s i m p l i f y  t h e  

and fU are s t o r e d  a t  t h e  X 

Note t h a t  i n  t h e  p r e s e n t  a n a l y s i s  t h e  X ,  U ,  p o i n t s  - -  
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a r e  chosen s u c h  t h a t  a t  a n  i n t e r m e d i a t e  p o i n t  f(xj, uj) I 0 .  

of s i m u l a t i o n s ,  i f  i t  t u r n s  o u t  t h a t  i n  order  t o  t r ack  t h e  r e q u i r e d  X 

h i s t o r y ,  t h e  t o t a l  c o n t r o l  r e q u i r e d  is  greater t h a n  t h a t  a v a i l a b l e ,  i t  is 
i n d i c a t i v e  t h a t  e i t he r  t h e  assumed maneuver time i s  u n r e a l i s t i c  o r  t h a t  t h e  

model i s  i n a d e q u a t e  or bo th .  

I n  t h e  course 

- 

U 
b 

I 1 

H = I" luu H + 
r 0 -2' -UHn + 1 u1 

U - 
- 

fH.fU,H_,U, RE f f  RLNCf L! * - 

F i g u r e  4-3. Linear Time V a r y i n g  S i m u l a t i o n  

A d e s c r i p t i o n  of how a g e n e r i c  time v a r y i n g  s i m u l a t i o n  c a n  be  imple-  

mented i n  t h e  MATRIXTM SYSTEM BUILDTM model b u i l d i n g  a n d  s i m u l a t i o n  program 

is g i v e n  i n  Appendix D. 
- 
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4 . 2  LINEAR DESIGN TECHNIQUES 

Given a small  setl of l i n e a r  trim condi t ions,  l i n e a r  per turba t ion  con- 

t r o l l e r s  can be designed t o  t r a c k  desired re ference  canrnands. The s implest  

p r a c t i c a l  c o n t r o l l e r s ,  once the  outputs  a r e  augmented w i t h  appropr ia te  

i n t e g r a t o r s  f o r  des i r ab le  s teady  s t a t e  t racking ,  a r e  output  feedback 

c o n t r o l l e r s .  

e igens t ruc tu re  assignment and t h e  m i n i m u m  e r ro r  e x c i t a t i o n  technique. 

Two d i f f e ren t  output feedback approaches were eva lua ted ,  v i z ,  

4 .2 .1  E igens t ruc ture  Assignment Design 

A s  described i n  SeAion  2 ,  the  model through which the  des i red  

maneuver a u t o p i l o t s  ( M A ? )  must work includes t h e  f u l l y  augmented a i r c r a f t :  

T h i s  a c t u a l l y  makes the control  design task  more d i f f i c u l t  than deal ing oniy 

w i t h  the  bare a i r f rame.  The combination of CAS s t a t e s  and i n t e g r a l  e r r o r  

s t a t e s  give a considerable  number of eigenvalues t h a t  a r e  slow, and there-  

f o r e  m u s t  be moved, a n d  a l s o  e x h i b i t  a reasonable degree of s t a t e  coupling. 

T h i s  coupling resul ts  i n  some s e n s i t i v i t y  of results t o  t h e  choice of 

eigenspace requested.  The model used and s p e c i f i c  results are given i n  

Appendix A .  Complete d e t a i l s  of t h i s  eigenassignment approach can be found 

i n  [ l 3 ] .  I t  is  perhaps of interest  t o  note  t h a t  i n  add i t ion  t o  the  

capab i l i t y  t o  handle c o n t r o l l e r  s t r u c t u r e  cons t r a in t s ,  t h i s  technique can be 

modified t o  accept  p a r t i & l  s p e c i f i c a t i o n  of eigenvectors. T h i s  feature can 

be valuable  in h igh  order s y s t e m s .  I n  summary, t o  employ this syn thes i s  

approach, t h e  following are requi red .  

( i >  Based on the  p r a c t i c a l  aspec ts  of the  problem, choose a minimal 
set of measurements which w i l l  permit t he  designer  t o  achieve the  
desired performance. Introduce dynamic compensators such as 
i n t e g r a l  feedbacks,  lead-lag networks, e t c . ,  based on experience.  

( i i )  Choose a s e t  of des i red  eigenvalues and eigenvectors  equal t o  the  
number of outputs .  
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While the  s e l e c t i o n  of desired eigenvalues i s  of ten  apparent i n  a 

given problem, the desired eigenvectors a r e  d i f f i c u l t  t o  s e l e c t .  Three 

approaches were developed t o  help guide t h i s  choice,  v i z ,  minimally r e s t ruc -  

t u r e d  eigenassignment, decoupling eigenassignment and dominant mode 

e i  genassi gnment . 

4.2.1.1 Minimally Restructured Eigenassignment 

Since i t  is known t h a t  t he  closed loop eigenvectors  l i e  i n  a subspace 

spanned by the  columns of ( A i I - A )  B-', i = 1 ,  ... n ,  l i n e a r  combinations of 

these vectors were used as desired eigenvectors .  The weights t o  be used i n  
generat ing these  l i n e a r  canbinations were constructed from the  add i t iona l  

information t h a t  unassigned eigenvectors should be c lose  t o  t h e i r  open loop 

values i n  a l e a s t  square sense.  

4 .2 .1 .2  Decoupling Eigenassignment 

Since we a r e  i n t e r e s t e d  i n  having the  l e a s t  cross a x i s  coupling in t he  

con t ro l l e r  as poss ib le ,  the  des i red  eigenvectors i n  t h e  longi tudina l  channel 
may be chosen s o  t h a t  t he  responses from l a t e r a l  channels a r e  blocked, i . e . ,  

s e l e c t  eigenvectors as 

0 

0 

I 

n 
v d . =  1 aivi  

is 1 
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V are t h e  des i red  eigenvectors .  a a r e  se l ec t ed  u s i n g  t he  same c r i t e r i i  as 

i n  t h e  m i n i m a l l y  s t r u c t u r e  case.  Though these  two approaches could be made 
t o  w o r k  a t  each f l i g h t  condition by, i t e r a t i n g  on the  des i red  eigenvalues ,  
t h e y  f a i l e d  t o  e a s i l y  prodace a s e t  of acceptable  e igenvectors  which z c d d  

be u s e d  a t  o the r  f l i g h t  condi t ions.  Next, p a r t i a l  s p e c i f i c a t i o n  of desired 

e igenvec tors  was attempted u s i n g  the  dominant mode approach. 

d i 

4.2.1.3. Dominant Mode Figenassignment 

According t o  ref C133, complete s p e c i f i c a t i o n  of des i red  eigenvectors  

a r e  n e i t h e r  necessary nor des i rab le .  Depending on t h e  s t a t e s  t h a t  should or  

should not p a r t i c i p a t e  i n  a given mode, appropriate  e n t r i e s  i n  t h e  

eigenvectors  a r e  made ones or zeros ,  leaving o ther  e n t r i e s  f r e e .  W i t h  t hese  

e igenvec tors ,  the  des i red  eigenvalues a r e  m3ved a s  f a r  l e f t  from the  
inaginary a x i s  as  poss ib le  w i t h  l e a s t  change i n  t he  loca t ion  of unplaced 

eigenvalues .  The des i red  eigenvectors  s o  obtained appeared t o  work over 

most f l i g h t  condi t ions.  Note, however, t h a t  extensive i t e r a t i o n s  on the  

d e s i r e d  e igenvalues  may o f t en  be required t o  produce a s a t i s f a c t o r y  design. 

4.2.1.4 Conclusions on O u t p u t  Eigenstructure  Assignment 

S p e c i f i c  maneuver au top i lo t  design results a r e  discussed i n  Appendix 

A ,  along w i t h  t h e  more complete descr ip t ion  and eva lua t ion  of output 
e igens t ruc tu re  assignment for  a p p l i c a t i o n  t o  flight t e s t  t r a j e c t o r y  con t ro l ,  
inc luding  d i f f i c u l t i e s  i n  s e l e c t i n g  d e s i r a b l e  eigenvalues and e igenvectors  . 
T h i s  approach demands seve ra l  i t e r a t i o n s  t o  converge t o  a s a t i s f a c t o r y  

design and does not appear t o  easi ly  g ive  s u i t a b l e  in s igh t  f o r  output feed- 

back design of high order  mul t iva r i ab le  s y s t e m s  which w i l l  be used  a t  o the r  

opera t ing  poin ts .  I f  a r a t i o n a l  method t o  generate  an achievable  s e t  of 

e igenvec tors  is d e v i s e d ,  t h i s  technique w i l l  be made more a t t r a c t i v e .  One 

p o s s i b i l i t y  might be t o  generate  grad ien ts  of t h e  eigensystem between f l i g h t  

condi t ions  and inc lude  t h i s  information i n  t h e  s i n g l e  point design techni-  

que .  

feedback gain so lu t ion .  

The next two subsect ions descr ibe two o ther  techniques of output 
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4 . 2 . 2  Minimum Error  Exci ta t ion  O u t p u t  Feedback Design 

Following Kosut's [ B ]  nota t ion  i n  descr ibing h i s  development of the 

minimum e r r o r  e x c i t a t i o n  output feedback design method, f o r  t h e  l i n e a r  

system 

= A X  + B u ,  

Y = Hx, 

one f i r s t  designs a f u l l  s t a t e  LQ regula tor  

a0 

J = l f  (xHTQ Hx + u T R u ) d t ,  
2 0  Y 

w i t h  t he  optimal feedback con t ro l  law u* = F*x. 

Both because a lgeb ra i c  output feedback methods do not guarantee 

s t a b i l i t y  and because of the presence of slow closed loop f u l l - s t a t e  

feedback modes ( e i t h e r  n e u t r a l l y  s t a b l e  unobservable modes or  o the r  s luggish 

phugoid l i k e ,  sp i ra l  or  i n t e g r a l  e r r o r  modes), i t  is des i r ab le  t o  design 

w i t h  a guaranteed s t a b i l i t y  margin 114,  151. Specifying a s t a b i l i t y  margin 

of a ensures  t h a t  t h e  r e a l  parts 
T h i s  is equivalent  t o  optimizing 

0 

J = 4 e-2at(xHTQ Hx 
0 Y 

of a l l  closed loop roo t s  a r e  less than -a .  

t h e  performance index 

T 
+ u R u l d t ,  
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and can be a c c o n p l i s h e d  by d e s t a b i l i z i n g  t h e  open l o o p  p l a n t  by = A + a : ;  

s o l v i n g  f o r  t h e  c o r r e s p o n d i n g  o p t i m a l  g a i n s  i n  t h e  s t a n d a r d  L Q  problen?, a n t  

u s i n g  them w i t h  t h e  o r i g i n a l  open l o o p  dynamics mat r ix  A .  Costs were chose:: 

a c c o r d i n g  t o  B r y s o n ' s  r u l e  1 1 5 3 ,  t h e  i n v e r s e  of t h e  s q u a r e d  d e v i a t i o n  
d e s i r e d  on i n p u t s  and o u t p u t s ,  w i t h  a s ca l a r  f a c t o r  between Q and R t o  
r e g u l a t e  t h e  e x t e n t  of h i g h  g a i n  s o l u t i o n  a c h i e v e d .  

A minimum norm o u t p u t  e r ror  f e e d b a c k  law can  be d e t e r m i n e d  from 

u = Cyy, w i t h  

+ 
C = H F*, 

Y 

+ 
where H is  t h e  p s e u d o i n v e r s e  of H .  T h i s  is  m e r e l y  a l e s t  squares p r c j e c -  

t i o n  of t h e  f u l l  s t a t e  g a i n s  o n t o  t h e  o u t p u t  s u b s p a c e .  

The s e n s i t i v i t y  of t h e  p r o j e c t i o n  d e s c r i b e d  above  c a n  be minimized  by 
d o i n g  a w e i g h t e d  l e a s t  s q u a r e s ,  where  t h e  w e i g h t  is t h e  c l o s e d  l o o p  s t a t e  

c o v a r i a n c e  e x c i t e d  by a u n i t  error d e n s i t y .  One m e r e l y  s o l v e s  t h e  Lyapunov 

e q u a t i o n  

( A  + BF*)P + p(A + BF*)T + I = 0, 

t o  o b t a i n  t h e  c o n s t r a i n e d  g a i n  

T T -1 F = F*PH (HPH ) H ,  or 
Y 

T -1 c = F * P H ~ ( H P H  
Y 

The d e s t a b i l i z e d  open l o o p  p l a n t  A' was used  i n s t e a d  of 

e q u a t i o n  s o l u t i o n  t o  r e t a i n  as  much of t h e  f u l l - s t a t e  law g u a r a n t e e d  

s t a b i l i t y  marg in  as p o s s i b l e ,  

A i n  t h e  Lyapunov 
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Maneuver a u t o p i l o t s  were d e s i g n e d  a t  a l l  f l i g h t  c o n d i t i o n s  w i t h i n  two 

i t e r a t i o n s  u s i n g  t h e  a b w e  o u t p u t  feedback d e s i g n  p rocedure .  The d e s i g n  

c r i t e r i o n  were 

Re(Xi) < - . 2  => a 5 s e c o n d  maximum time c o n s t a n t  i n  t r a c k i n g ,  and 

5 > . 7  => low o v e r s h o o t .  

W i t h  the i n t e g r a l  error s t a t e s  and g e n e r a l  low f r e q u e n c y  o s c i l l a t o r y  p o l e s  

p a i r s  d u e  t o  1 a t e r a U l o n g i t u d i n a l  c o u p l i n g ,  t h e  p l a n t  i s  n o t  a s imple  o n e  t o  

c o n t r o l .  
v a r i a b l e s ,  1 5  d e s i g n s  were g e n e r a t e d  - f i v e  d e s i g n s  a t  th ree  l o a d  f a c t o r s  
shown i n  Table  4-2. The s t a t e  and c o n t r o l  w e i g h t i n g  matrices used  i n  t h i s  
s y n t h e s i s  is l i s t e d  i n  Appendix E. The  c o r r e s p o n d i n g  output f eedback  gains 

are a l so  g i v e n  i n  t h i s  a p p e n d i x .  

S i n c e  Mach a n d  load fac tor  were chosen as t h e  s c h e d u l i n g  

S i n c e  t h e  zoom-and-push-over and excess t h r u s t  windup t u r n  r e q u i r e  

f i x e d  t h r o t t l e ,  15 more designs were g e n e r a t e d  w i t h o u t  t h i s  c o n t r o l ,  a l s o  
shown i n  T a b l e  4-2. 

T y p i c a l  i n i t i a l  c o n d i t i o n  r e s p o n s e s  i n  a s t r a i g h t  and l e v e l  f l i g h t  

c o n d i t i o n  a t  40K f e e t  and Mach of 1 . 4  a r e  shown i n  F i g u r e  4-4 .  
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ORIGINAL PAGE 1s 
OF POOR QUALITY 

TABLE 4-2.  S L O W E S T  MODE BEHAVIOR A T  A L L  D E S I G N  C O N D I T I O N S  

( S u b s c r i p t  1 c o r r e s p o n d s  t o  t h e  d e s i g n  w i t h  a l l  C O D -  

t r o l s ,  s u b s c r i p t  2 c o r r e s p n e s  t o  t h e  aeSig7 V l t h O u =  

t V o t t i e  c;ntr 3: 

LZL.I ,  h = 10000' h = 2 O O O C '  h = 30000' h = 40000' h = 5~000' 

FA 3: OR M = 0.8 M - 1.0 M = 1.2 M = 1 . 4  M = 1 .2  

- . - , .  A ,  = -0.277 A ,  = -0.289 A ,  = -0.3 A ,  = -0.308 A ,  = -r, 35' 

5, = 0.996 5 )  = 0.97 51 = 0.95 E 1  = 0.945 E l  = 0.94 

5 2  = 1 5 x 1  5 2  = 1 5 2  = 1 5 2  = ' 
1 

A 2  = -0.28 A ,  = -0.257 A 2  = -0.234 E 2  -0.2276 A 2  = -8 .219 

- ~ -  
A ,  = -0.26 A ,  = -0.26 A ,  = -0 .23 A ,  = -0.2274 A ,  = -0.225 
E ,  = O . ? ?  5 ,  = 0.94 :] = 0 .9  = G . 2  A ,  = -0.8Se 

A, = -0.288 A, = -0.268 A, = -0.254 1, -0.276 A 2  -G.2&2 
5 2  - 0.99 C 2  = 0.947 E 2  = 0.947 5, - 0.958 E 2  = 0.86 

- 
L 

- 
A ,  = -0.267 a ,  = -0.23 A )  = -0.209 A ]  = 0.17 A ,  = -0.116 
5 ,  = 0.99 5 ,  = 0.92 5 ,  = 0.866 5 ,  = 0.98 = 0.95 

A 2  = -0.28 A, = -0.23 A 2  = 0.243 A, = -0.2405 A 2  -0.203 
I;  

5 2  = 0.99 5 2  = 1 5 2  = 0.95 5, 1 5, = 0.895 
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Figure 4-4. I n i t i a l  Condition Response f o r  t h e  Output Feedback Minimum 
Error  Exci ta t ion  Per turba t ion  Cont ro l le r  (Reference 

Condition H = 40k', Mach - 1 .'I, St ra igh t  and  Level F l i g h t )  

Sect ion 5 gives t h e  t r ack ing  behavior of t h e  output feedback minimum 

norm con t ro l l e r s  i n  t he  e igh t  maneuvers of i n t e r e s t .  

4.3 N O N L I N E A R  FLIGHT TEST TRAJECTORY CONTROLLERS 

Research on nonlinear f l i g h t  t e s t  t r a j e c t o r y  cont ro l  (FTTC) design was 

conducted w i t h  the goal of completely e l imina t ing  the  need f o r  gain 

scheduling. A br ie f  l i t e r a t u r e  review is  given below, ou t l in ing  how recent  

t h e o r e t i c a l  work can be appl ied t o  t h e  FTTC problem before a demonstration 

problem i s  given t o  i l l u s t r a t e  the  approach. 
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T h i s  research dea l s  w i t h  t he  syn thes i s  of nonlinear f l i g h t  tes t  

t r a j e c t o r y  c o n t r o l l e r s  u s i n g  t h e  recent  results i n  p re l inea r i z ing  transforms 

due t o  Meyer [17-333 and s ingular  per turba t ion  theory C34-363. The use of 
s ingu la r  per turba t ion  theory i n  t h i s  problem s impl i f i e s  t he  command 

generat ion scheme i n  addi t ion  t o  providing a cons is tan t  approach f o r  

e l imina t ing  ignorable  s t a t e  var iab les .  The p re l inea r i z ing  t ransformations 

a-e more t ransparent  i n  t h i s  formulation. The s low-fast  computations a r e  

c l e a r l y  separa ted  and can be ca r r i ed  out a t  d i f f e r e n t  r a t e s  on t h e  f l i g h t  

control  computer. I t  i s  i n t e r e s t i n g  t o  note t h a t  i n  Ref. 2 1 ,  even though 

the  c o n t r o l l e r  development d i d  not make use of s ingular  per turbat ion theory,  

the t ime-scale  separa t ion  formed a bas i s  f o r  implementation on t h e  f l i g h t  

cont ro l  computer. A schematic block diagram of t h e  slow-fast  f l i g h t  t e s t  
t r a j e c t o r y  c o n t r o l l e r  i s  given i n  Figure 4-5. 

F l i g h t  tes t  c o n t r o l l e r  synthes is  w i l l  be developed f o r  t h e  F-15 
f i g h t e r  a i r c r a f t  i n  t he  next contract  phase. For t h e  F-15 and most f i g h t e r  

a i r c r a f t ,  i t  can be assumed t h a t  the  a i r c r a f t  under considerat ion has the  

four  usual controls :  t h r o t t l e ,  a i l e r o n ,  rudder and e l eva to r .  The objec t ive  

of t h e  f l i g h t  tes t  c o n t r o l l e r  is  t o  t r a c k  t h e  given canmands i n  a i r speed ,  

angle of a t t a c k ,  angle  of s i d e s l i p  a n d  a l t i t u d e  i n  presence of dis turbances 

a n d  modeling imperfections.  

t o  be executable  by the  a i r c r a f t  under  considerat ion.  Note t h a t  t h e  f l i g h t  

test cont ro l  problem discussed here  is  d i s t i n c t  from those described 
Meyer, e t .  a l .  [ZO-221 s i n c e ,  i n  t h e i r  work, t h e  t r a j e c t o r y  t o  be followed 

cons is ted  of t h e  three pos i t ion  components spec i f i ed  as func t ions  of time. 

degree i n  t h i s  approach. The mechanization d e t a i l s  of p re l inea r i za t ion  and 
the  s low-fast  c o n t r o l l e r  syn thes i s  f o r  general  f l i g h t  t es t  maneuvers w i l l  be 

given i n  t h e  next  pro jec t  phase based  on the  problem formulation developed 

here .  

I t  i s  c l e a r  t h a t  t he  canmanaed t r a j e c t o r y  has 

Modeling and time-scale separation can be exploited to a considerable 
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1. 8 .  1. b c o m c c l l  

II 

Figure 4-5. Singular  Per turba t ion  Nonlinear F l igh t  Test  Tra jec tory  
Cont ro l le r .  
Slow s ta tes :  V ,  a,  6 ,  h 
Fas t  s ta tes :  p ,  q ,  r, 0 ,  4 
Very f a s t  s t a t e s :  CAS and Actuator s t a t e s  

An i l l u s t r a t i v e  example of t h i s  nonlinear con t ro l l e r  approach i s  given 

i n  Appendix B .  
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SECTIOK 5 

SIMULATION A N D  EVALUATION 

The per formance  of p e r t u r b a t i o n  c o n t r o l l e r s  f o r  i n i t i a l  zondi  t i o n  

errws was v e r i f i e d  d u r i n g  t h e  d e s i g n  phase.  

t h e i r  t r a c k i n g  per formance  w i l l  be d i s c u s s e d  i n  t h i s  s e c t i o n .  Though i t  i s  

clear  t h a t  t h e  a c t u a l  per formance  of these c o n t r o l l e r s  can  o n l y  be assessed 

w i t h  t h e  f u l l  n o n l i n e a r  a i r c ra f t  model, i t  is  d e s i r a b l e  t o  i n t r o d u c e  a n  
i n t e r m e d i a t e  v a l i d a t i o n  p h a s e  t o  e n s u r e  a smooth t r a n s i t i o n  fran 
p e r t u r b a t i o n  c o n t r o l l e r  d e s i g n  t o  f u l l  n o n l i n e a r  s i m u l a t i o n .  I t  s h o u l d  be 

emphas ized  a t  t h e  o u t s e t  t h a t  t h e  s i m u l a t i o n s  d i s c u s s e d  here  a re  approx ima te  
and c o n s e q u e n t l y  t h e  t r a c k i n g  per formance  w i l l  d i f f e r  i n  t h e  n o n l i n e a r  
s i m x l a t i o n  v a l i d a t i o n  i n  t h e  n e x t  s t u d y  p h a s e .  

Some t e c h n i q u e s  f o r  e v a l u a t i n g  

5.1 MANEUVER SIMULATION 

O r i g i n a l l y ,  i t  was d e c i d e d  t o  c a r r y  o u t  a l i n e a r  time v a r y i n g  

s i m u l a t i o n  of t h e  s y s t e m s  u s i n g  l i n e a r i z e d  a i r c ra f t  models a l o n g  t h e  desired 

f l i g h t - t e s t  t r a j e c t o r y  as d i s c u s s e d  i n  Appendix D. For a two s t a t e  v a r i a b l e  
model a n a l y z e d  i n  Appendix B ,  t h e  comput ing  time was small. However, t h e  

a i r c r a f t  and  CAS system h a s  31 s t a t e s  and cont inuous  i n t e r p o l a t i o n  w a s  found 

t o  be e x t r e m e l y  time consuming. I n  view of t h e  e x c e s s i v e  c c m p u t a t i o n a l  

effor t  r e q u i r e d ,  a n d  t h e  l i m i t e d  v a l u e  of t h e  i n f o r m a t i o n  o b t a i n e d ,  i t  was 

t h e n  d e c i d e d  t o  swi t ch  models and  c o n t r o l l e r  g a i n s  a l o n g  a des i red  f l i g h t  
t es t  t r a j e c t o r y .  T h i s  approach  i n t r o d u c e d  a r t i f i c i a l  g a i n  s w i t c h i n g  

t r a n s i e n t s  a n d  a l s o  l e d  t o  m i s l e a d i n g  c o n c l u s i o n s .  Hence whenever  f ea s ib l e ,  

t h e  s i m u l a t i o n s  d i s c u s s e d  here u s e d  o n e  i n t e r p o l a t e d  model ,  a n d  g a i n s  based 

o n  t h e  f l i g h t  c o n d i t i o n  ha l fway t h r o u g h  t h e  maneuver .  
t h e  m o d e l i n g  i n a c c u r a c i e s  w i l l  be a l m o s t  e q u a l l y  d i s t r i b u t e d  t h r o u g h o u t  t h e  
maneuver .  

With t h i s  a p p r o a c h ,  

.P 
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I t  should be emphasized t h a t  t h e  s imulat ions w i t h  l i nea r i zed  models 

w i l l  t e s t  only t h e  feedback con t ro l l e r  por t ion  of t h e  maneuver a u t o p i l o t .  

The open loop cont ro l  h i s t o r i e s  generated from maneuver modeling can be 

t e s t e d  only during t h e  f u l l  nonlinear s imulat ion of a i r c r a f t  and CAS. 

5.2 MANEWER SIMULATION M E C H A N I Z A T I O N  

The  l i n e a r  per turba t ion  equations used f o r  design have been discussed 

i n  Sec t ion  4.  I n  t h i s  s e c t i o n ,  these  w i l l  be modified t o  generate  l i n e a r  

s imulat ions.  The l i n e a r i z e d  a i r c r a f t  w i t h  CAS is of t h e  form 

6; = Fbx + C ~ U  

6 y  = H ~ x  

The output feedback per turba t ion  con t ro l l e r  is  of the form 

6~ = C 6y. 
Y 

Expanding the  per turba t ion  equations back out gives  

i - x = F ( x - x )  - CC H(x-2) 
Y - - 

= ( F  - CC H ) x  - [ ( F - G C y H ) x  - -  - i1, 
Y 
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from which t h e  maneuver s i m u l a t i o n s  can  be mechanized .  

viewed as a d i s t u r b a n c e  ( a n d  n e g l e c t e d )  or  as a p a r t  of t h e  e x t e r n a l  

r e f e r e n c e  command. 
c a n n o t  be i g n o r e d ,  b u t  were computed n u m e r i c a l l y  w i t h  a forward d i f f e r m e i n &  

Note t h a t  - 4 c a n  be 

For  t h e  h i g h  s p e e d  maneuvers  s i m u l a t e d  here - x c l e a r l y  

of x .  - 

5 . 3  MANEWER SIMULATION RESULTS 

As d i s c u s s e d  ea r l i e r ,  - was computed n u m e r i c a l l y  from d us  d as  

pa r t  of t h e  r e f e r e n c e  command. 
s p u r i o u s  s t e p  i n p u t s  due t o  t h e  d i s c o n t i n u i t i e s  i n  i. 
q u a d r a t i c  or c u b i c  s p l i n e  f i t s  t o  t h e  trim p o i n t s  xi w i l l  remedy t h i s  

proSiem; however ,  t h e  e f f e c t s  of t h e  d i s c o n t i n u i t i e s  c a n  c l e a r l y  be s e e n  i n  
t h e  t r a c k i n g  t r a j e c t o r i e s  i n  t h i s  s u b s e c t i o n .  

S i n c e  - x has  c o r n e r s ,  there are  j u m p s ,  or  

Us ing  a smooth - x f r m  

I n  t h e  f o l l o w i n g ,  t y p i c a l  s i m u l a t i o n  r e s u l t s  f o r  each f l i g h t  t e s t  
t r a j e c t o r y  w i l l  be p r e s e n t e d .  The  f l i g h t  c o n d i t i o n s  i n  these s i m u l a t i o n s  
a r e  chosen  s o  t h a t  t h e  maneuver a u t o p i l o t  i s  e x e r c i s e d  o v e r  n e a r l y  t h e  

e n t i r e  a i r c r a f t  e n v e l o p e .  Except  where i n d i c a t e d ,  i n  t h e  p l o t s  t h a t  f o l i o i ; ,  
t h e  d o t t e d  l i n e s  d e n o t e  t h e  commanded v a r i a b l e s  g e n e r a t e d  from t h e  maneuver 

model ing  program w h i l e  t h e  s o l i d  l i n e  r e p r e s e n t s  t h e  t r a j e c t o r y  e v o l u t i o n  

from t h e  l i n e a r  s i m u l a t i o n .  

5.3.1 T r a n s i e n t  T r a j e c t o r y  

I n  t h i s  s i m u l a t i o n ,  a t r a n s i e n t  t r a j e c t o r y  is  s e t u p  t o  t r a n s f e r  t h e  

a i r c r a f t  from s t r a i g h t  a n d  l e v e l  f l i g h t  conditions a t  20000' a l t i t u d e  and  

Mach 0.8 t o  s t r a i g h t  a n d  l e v e l  f l i g h t  c o n d i t i o n s  a t  30000' a l t i t u d e  and  Mach 

1 .2  i n  60 s e c o n d s .  The  s i m u l a t i o n  r e s u l t s  are p r e s e n t e d  i n  F i g s .  5-1 

t h r o u g h  5-3. The a l t i t u d e  t r a c k i n g  is  v e r y  good.  However, t he  t h r o t t l e  

h i s t o r y  i n  F i g .  5-3 i n d i c a t e s  t h a t  d u r i n g  t h e  f i r s t  f i v e  s e c o n d s ,  t h e  

c o n t r o l l e r  commanded a n e g a t i v e  t h r o t t l e .  T h i s  is  c a u s e d  by t h e  nonminimxm 

p h a s e  b e h a v i o r  of t h e  a i r c r a f t ,  c l e a r l y  d i s c e r n a b l e  i n  t h e  Mach number and 
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angle of a t tack  h i s t o r i e s .  In  the  ac tua l  implementation, t he  commanded 

a l t i t u d e  can be modified t o  include an i n i t i a l  descend l e g  i n  order  t o  

compensate fo r  the  nonminimum phase behavior. Al te rna te ly ,  t h e  commanded 

Mach number can be modified t o  have an i n i t i a l  decreasing segment. I n  any 

case,  mere command modif icat ion would f i x  t h e  i n i t i a l  negative t h r o t t l e  

d i f f i c u l t y .  
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F:g;!-e 5-1. A l t i t u a e  ana  Mach Number E v o l u t i o n  Along t h e  T r a n s i e n t  
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F igure  5-2. Angle  of A t t a c k  and F l i g h t  P a t h  Angle Evolution Along t h e  
T r a n s  i en t T r a  j ect  o r  y 
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F i g u r e  5-3. T h r o t t l e  and Elevator Deflect ion Along the  Trar.z-e:.: 
Tr a j  e c t  ory . 

5.3.2 Level Accelerat ion 

A l eve l  acce lera t ion  f l i g h t  t e s t  t r a j e c t o r y  a t  30000' a l t i t u d e  is  

considered here.  The a i r c r a f t  is required t o  a c c e l e r a t e  from Mach 0.9 t o  
Mach 1 . 2  i n  60 seconds. The to le rence  on a l t i t u d e  i s  - + 50' while Mach 

number e r ro r  should be w i t h i n  - +0.01. 

maneuver a r e  presented i n  Figs .  5-4 through 5-6. The Cont ro l le r  w a s  ab l e  t o  

maintain t h e  a l t i t u d e  within - +0.1 f e e t  while t r ack ing  t h e  Mach number w i t h i n  

the given spec i f i ca t ions .  The t h r o t t l e  and e l eva to r  de f l ec t ions  given i n  

F i g .  5-6 a r e  wel l  w i t h i n  t h e  s a t u r a t i o n  l eve l s .  From t h e  maximum t h r o t t l e  

requirment i n  t h i s  maneuver, i t  appears t h a t  t h e  maneuver time could be 

decreased by about 20  Seconds. 

The s imula t ion  r e s u l t s  f o r  t h i s  
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Figure 5-4. Al t i tude  and Mach Number Evolution klong t h e  Level 
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Figure 5-5. Angle of Attack and Fl igh t  Path Angle Evolution Along 
t h e  Level Acceleration F l i g h t  Test Tra jec tory .  
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F i g u r e  5-6. T h r o t t l e  and E l e v a t o r  D e f l e c t i o n  Along t h e  L e v e l  
A c c e l e r a t i o n  F l i g h t  Test  T r a j e c t o r y .  

5.3.3 Pushover ,  P u l l u p  

T h i s  maneuver was i n i t i a t e d  a t  30000' a l t i t u d e  and 0.8 Mach s t r a i g h t  

and l e v e l  f l i g h t  c o n d i t i o n .  T h e  o b j e c t i v e  is t o  t rack  a p i e w i s e  l i n e a r  
a n g l e  of a t tack  h i s t o r y  g i v e n  i n  F i g .  5-8 w h i l e  m a i n t a i n i n g  t h e  Mach number 

c o n s t a n t  a t  t h e  i n i t i a l  v a l u e .  T h e  r e s u l t s  of t h e  maneuver s i m u l a t i o n  a re  
g i v e n  i n  F i g s .  5-7 t h r o u g h  5-9. From F i g .  5-7, i t  c a n  be s e e n  t h a t  t h e  Mach 

number error is  w i t h i n  0.001 of t h e  commanded v a l u e .  The a n g l e  of attack 

t r a c k i n g  e r r o r  is less  t h a n  0.2O t h r o u g h o u t  t h e  maneuver ,  The t h r o t t l e  

h i s t o r y  g i v e n  i n  F i g .  5-9 shows a small n e g a t i v e  r e g i o n  a t  t h e  i m i t a t i o n  of 

p u l l u p  a t  30 s e c o n d s  and  i s  p r i m a r i l y  due t o  t h e  c o r n e r  i n  t h e  a n g l e  of 
a t t a c k  command. Smooth ing  t h i s  c o r n e r  i n  t h e  f i n a l  m e c h a n i z a t i o n  would 

e l i n i n a t e  t h i s  n e g a t i v e  t h r o t t l e  r e g i o n .  
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F:gwe 5 - 9 .  T h r o t t l e  and Elevator Deflect ion along the  Pushover/Pullup 
F l i g h t  Test  Trajectory.  

5.3.4 Zoom and Pushover 

As noted i n  t h e  maneuver modeling, t h i s  f l i g h t  tes t  t r a j e c t o r y  i s  

executed i n  t h ree  phases. I n  t he  f i r s t  phase t h e  a i r c r a f t  is t r a n s f e r r e d  

from s t r a i g h t  and l eve l  f l i g h t  condi t ions t o  t h e  beginning of the zoom and 

pushover parabol ic  t r a j e c t o r y .  The second phase cons i s t s  of the zoom and 
pushover t r a j e c t o r y  w h i l e  t h e  t h i r d  phase r e s t o r e s  t h e  a i r c r a f t  t o  t h e  

o r ig ina l  s t r a i g h t  and level f l i g h t  condition. During t h e  f i r s t  and t h i r d  

phases a l l  t h e  cont ro ls  a r e  a c t i v e ,  but t h e  t h r o t t l e  is  f i x e d  during the  

zoom and pushover t r a j e c t o r y .  
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I n  t h e  p r e s e n t  case,  t h e  trimmed t o  f l y  s t r a i g h t  and 

l e v e l  a t  3OOOO' a l t i t u d e  and Mach 0.4. An i n i t i a l  t r a n s i e n t  t r a j e c t o r y  is 

t h e n  e x e c u t e d  w i t h  a l l  c o n t r o l s  a c t i v e  u n t i l  t h e  p o i n t  m a r k e d  A i n  F i g .  5- 
l e .  A t  t h i s  p o i n t ,  t h e  t h r o t t l e  i s  f i x e d  and  t h e  a i r c ra f t  e x e c u t e s  t h e  

p a r a b o l i c  zoom and pushover  t r a j e c t o r y  u n t i l  t h e  p o i n t  B i n  t h i s  f i g u r e .  

The  t h r o t t l e  is released a t  p o i n t  B and  t h e  a i r c r a f t  p e r f o r m s  a n o t h e r  
t r a n s i e n t  maneuver t o  res tore  i t  t o  t h e  o r i g i n a l  c o n d i t i o n s .  

S i n c e  t h e  c o n t r o l l e r  per formance  a l o n g  t h e  t r a n s i e n t  t r a j e c t o r y  has 

a l r e a d y  been i n v e s t i g a t e d  i n  S e c t i o n  5.3.1, t h e  t r a c k i n g  pe r fo rmance  a l o n g  
t h e  zoom and pushover  t r a j e c t o r y  w i l l  o n l y  be d e m o n s t r a t e d  here. The 
a i r c r a f t  b e g i n s  t h e  zoom and pushover  maneuver a t  a b o u t  28000' and Mach 0.45 

a n d  c o m p l e t e s  t h e  maneuver a t  a b o u t  t h e  same c o n d i t i o n s .  The c o n t r o l l e r  

pe r fo rmance  i s  i l l u s t r a t e d  i n  F i g s .  5-10 t h r o u g h  5-12. The c o n d i t i o n s  a t  

t h e  a?ex of t h e  p a r a b o l a  i s  of p a r t i c u l a r  i n t e r e s t  i n  t h i s  maneuver .  From 
F i g  5-1 1 ,  i t  c a n  be  o b s e r v e d  t h a t  t h e  a n g l e  of a t t a c k  a t  t h e  a p e x  i s  u i t h i r !  

0.005 r a d i a n  of t h e  r e q u i r e d  v a l u e .  The a l t i t u d e  error is  w i t h i n  50' a t  t h e  

a p e x  a n d  t h e  Mach number is w i t h i n  0.05 of t h e  r e q u i r e d  v a l u e .  
t r a n s i e n t s  i n  a l t i t u d e  and  Mach number c a n  be s e e n  a t  p o i n t  A i n  F i g .  5-10. 

These  a r e  e s s e n t i a l l y  d u e  t o  t h e  a v a i l a b i l i t y  of just o n e  c o n t r o l  v a r i a b l e ,  

t h e  e l e v a t o r ,  t o  track three s t a t e  v a r i a b l e s :  a l t i t u d e ,  Mach number and  

a n g l e  of a t t ack .  T h u s ,  a n  i n i t i a l  c o n d i t i o n  error o n  a l t i t u d e  would 

p r o p a g a t e  t o  Mach number and  a n g l e  of a t t ack  c h a n n e l s  and  v i c e  v e r s a .  

I n i t i a l  
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F i g u r e  5-12. E l e v a t o r  D e f l e c t i o n  a l o n g  t h e  Zoom and Pushover  
F1 i g h t  Test T r a j e c t o r y  . 

5 . 3 . 5  E x c e s s  T h r u s t  Windup t u r n  

The r e s u l t s  f o r  a n  e x c e s s  t h r u s t  windup t u r n  t r a j e c t o r y  a t  40000' 

a l t i t u d e  and Mach 1 . 4  are g i v e n  i n  F i g s .  5-13 t h r o u g h  5-19. The a l t i t u d e  
and Mach number were r e q u i r e d  t o  be c o n s t a n t  t h r o u g h o u t  t h e  windup t u r n  

t r a j e c t o r y ,  whi le  t r a c k i n g  a n  a n g l e  of a t t a c k  command as shown i n  F i g .  5-14. 

The a i r c ra f t  r o l l  a l t i t u d e  i n  t h i s  maneuver i s  c l o s e  t o  70° a n d  r e s u l t s  i n  h 

h i g h l y  c o u p l e d  model t o  be c o n t r o l l e d  by t h e  maneuver a u t o p i l o t .  I t  can be 

obse rved  t h a t  t h e  maneuver a u t o p i l o t  m a i n t a i n e d  t h e  a l t i t u d e  w i t h i n  ~ 5 '  and  

t h e  Mach number error i s  w i t h i n  +0.002. Excep t  a t  t h e  b e g i n n i n g  a n d  t h e  end  

of t h e  maneuver ,  t h e  a n g l e  of a t tack error is w i t h i n  0.005 r a d i a n  of t h e  

commanded v a l u e .  
maneuver ,  t h e  r u d d e r  d e f l e c t i o n  i s  close t o  1 2 O  while  i n  t h e  h i g h  r o l l  
a t t i t u d e  r e g i o n ,  a n  e l e v a t o r  d e f l e c t i o n  of n e a r l y  1 7 O  was demanded. T h i s  

i n d i c a t e s  t h a t  a t  t h e  p r e s e n t  f l i g h t  c o n d i t i o n s ,  a l e s s  s t r i n g e n t  maneuver 

s h o u l d  be a t t e m p t e d .  

F o r  a b o u t  10  s e c o n d s  d u r i n g  t h e  b e g i n n i n g  a n d  end  of t h e  
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F i g u r e  5-19. D i f f e r e n t i a l  T a i l  and Rudder D e f l e c t i o n  a l o n g  t h e  
E x c e s s  T h r u s t  Windup T u r n  F l i g h t  Test T r a j e c t o r y .  

5 .3 .6  C o n s t a n t  t h r u s t  windup t u r n  

A d e s c e n d i n g  c o n s t a n t  t h r u s t  windup t r a j e c t o r y  w i l l  be i l l u s t r a t e d  i n  

t h e  f a l l o u i n g .  The a i r c r a f t  s t a r t i n g  a t  s t r a i g h t  and  l e v e l  f l i g h t  c o n d i t i o n  

e n t e r s  a l e v e l  t u r n  w i t h  l i n e a r l y  i n c r e a s i n g  a n g l e  o f  a t t a c k ,  u p t o  30 

s e c o n d s  i n  F i g .  5-21. A t  t h i s  p o i n t ,  t h e  t h r o t t l e  is f i x e d  and  t h e  c o n s t a n t  
t h r u s t  windup t r a j s c t o r y  b e g i n s .  A t  the end  of t h e  maneuver ,  t h e  Angle Of 

a t t a c k  is g r a d u a l l y  d e c r e a s e d  t o  t h e  s t r a i g h t  and l e v e l  trim v a l u e s .  Dur ing  
t h e  c o n s t a n t  t h r o t t l e  windup t u r n  t r a j e c t o r y ,  t h e  Mach number i s  t o  r ema in  

c o n s t a n t .  The s i m u l a t i o n  r e s u l t s  f o r  t h i s  maneuver are g i v e n  i n  F i g s .  5-20 

t h r o u g h  5-26. From F i g .  5-20, i t  can be seen t h a t  t h e  Mach number w a s  
m a i n t a i n e d  w i t h i n  - +0.0075 w h i l e  t h e  a n g l e  of a t tack  t r a c k i n g  e r r o r  was 
w i t h i n  0.01 r a d i a n s .  The c o n t r o l  s u r f a c e  d e f l e c t i o n s  were w i t h i n  t h e  

s a t u r a t i o n  limits e x c e p t  a t  t he  p o i n t  where t h e  c o n s t a n t  t h r o t t l e  windup 
t r a j ec to ry  began. T h i s  i s  due t o  t h e  carrier p r e s e n t  i n  t h e  a l t i t u d e  and 

a n g l e  of a t t a c k  command h i s t o r i e s .  By smoo th ing  these c o r n e r s  i n  t h e  

commands, t h e  c o n t r o l  s u r f a c e  limit v i o l a t i o n  c a n  be a v o i d e d .  
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Figure  5-20. A l t i t u d e  and  Mach Number E v o l u t i o n  A l o n g  t h e  C o n s t a n t  
Throttle Windup Turn Flight Test Tra jec tory .  

0 20 40 80 EO 100 320 
TIKE, SECON3S 

2 0  

5 -.l 

a 
4- s a 
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C o n s t a n t  T h r o t t l e  Windup T u r n  F l i g h t  Test T r a j e c t o r y .  
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F i g u r e  5-23. Roll and  P i t c h  body RaLe E v o l u t i o n  Along t h e  C o n s t a n t  
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F i g u r e  5-25. Thro t t l e  and Elevator Deflect ion along the  Constant T h r o t t l e  
Windup T u r n  F l i g h t  Test  Tra jec tory .  
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Figure 5-26. D i f f e r e n t i a l  T a i l  and Rudder Deflect ion along the  Constant 
T h r o t t l e  Windup T u r n  F l i g h t  Test Tra jec tory .  

5 .3 .7  Constant Dynamic Pressure - Constant Load Factor Maneuver 

As noted i n  thc? maneuver modeling s e c t i o n ,  t h i s  mansuver can be 

ascending o r  descending based on the  required Mach r a t e .  The c o n t r o l l e r  

performance along an ascending constant  dynamic pressure-constant load 
f a c t o r  t r a j e c t o r y  is g i v e n  i n  F i g s .  5-27 through 5 - 3 4 .  This t r a j e c t o r y  

c o n s i s t s  of t h ree  phases. 

chosen t o  obta in  t h e  des i red  dynamic pressure.  Next t he  a i r c r a f t  i s  placed 

i n  a turn t o  genera te  t h e  r e q u i r e d  load f a c t o r .  I n  the  present case,  a load 

f a c t o r  of 4 was employed. Next, t he  d e s i r e d  Mach r a t e  i s  i n i t i a t e d  and the  

constant  dynamic pressure-constant  load f a c t o r  t r a j e c t o r y  is executed. I n  

t h e  present  case ,  i n  order  t o  achieve a Mach r a t e  of 0.0067/second, t h e  

a i r c r a f t  had t o  climb from 35000' a l t i t u d e  t o  43000'al t i tude i n  30 seconds. 
These h i s t o r i e s  a r e  given i n  F ig .  5-27. The cont ro l  sur face  de f l ec t ions  a r e  

well w i t h i n  t he  s a t u r a t i o n  limits except a t  the  poin ts  where the  a l t i t u d e  

and Mach number commands contains  corners .  The dynamic pressure h i s to ry  

given i n  Fig.  5-34 was maintained w i t h i n  4 %  of t h e  r e q u i r e d  value.  

The f i r s t  phase begins w i t h  i n i t i a l  condi t ions 

6 
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C o n s t a n t  Load  F a c t o r  F l i g h t  Test  Tra jec tory  
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Figure 5-31. Yaw Body Rate a l m g  the  Constant Dynamic Pressure Constant 
Load Factor  F l igh t  Test TraJectory.  
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Figure 5-32. Thro t t l e  and Elevator Deflect ion Along t h e  Constant 
Dynamic Pressure Constant Load Factor F l i g h t  Test  
Tra jec tory .  
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5.3.8 Constant Reynold's Number - Constant Load Factor Maneuver 

T h i s  maneuver sequence is  i d e n t i c a l  t o  the  constant dynamic pressure- 
The con t ro l l e r  performance f o r  a negative 

Note t h a t  t h e  Reynold's number given i n  

constant load f a c t o r  t r a j e c t o r y .  

Mach r a t e  - Constant Reynolds' number-constant load f a c t o r  t r a j e c t o r y  is 

given i n  F igs .  5-35 through 5-42. 

Fig.  5-42 should be m u l t i p l i e d  by t h e  c h a r a c t e r i s t i c  diameter t o  obta in  the  

ac tua l  Reynold's number. From the performance r e s u l t s  given i n  Fig.  5-40 

and 5-41, i t  can be seen t h a t  the  cont ro l  sur face  def lec t ions  momentarily 
v i o l a t e  t h e  s a t u r a t i o n  limits a t  t h e  po in ts  corresponding t o  t h e  corners i n  

the  commanded values .  

1 . 5 %  of :?e requi red  value. 

Throughout the  t r a j e c t o r y ,  Reynold's number is within 
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F i g w e  5-35. Al t i tude  and Mach Number Evolution Along the  Constant 

Reynold's Number Constant Load Factor  F l i g h t  Test  
Tra j  e c t  or y . 
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F i g u r e  5-37. Roll A t t i t u d e  and  Ang le  of S i d e  S l i p  E v o l u t i o n  Along t h e  
C o n s t a n t  R e y n o l d ' s  Number Constant Load F a c t o r  F l i g h t  Test 
T r a j e c t  or y . 
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Figare 5-38. Roll and  Pitch Body Rates along the  Constant Reynold's Number 
Const an t  Load Factor F1 i g h t  Test Trajectory . 
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Figure 5-39. Yaw Body Rate along the  Constant Reynold's Number Constant 
Load Factor Flight Test Tra jec tory ,  

86 



ORIGINAL PAGE IS 
OF POOR QUALITY 

- .4 

0 10 20 30 4.0 50 60 70 80 90 100 
TIME, SECOh'DS 

I . . . - I  - I . .  . I - - - - I - - - - I - - - - I - - . - I  - -  I . . . . I . . . . I  
0 10 20 30 40 50 60 70 BO 90 100 

lwf?, SLCO?;DS 

F i g u r e  5-1\0. T h r o t t l e  ar,d Elevator P e f l e c t i m  a l o n g  t h e  Cor.stant Ke:;nolc's 
Nu::Se- 2cnstant L G Z ~  F a z t o r  F l i g h t  Test T r a j e c i c r y  

0 10 20 30 44 60 60 70 BO 80 100 
M I  SECONDS 

F i g u r e  5-41. Differential Tail and Rudder Deflection Along t h e  Constant 
R e y n o l d ' s  Number Load Factor F i i g h t  Test Trajec tory .  
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F i g u r e  5-42. R e y n o l d ' s  Nunber Along the  Constant R e y n o l d ' s  Nuvber Constant 
Load F a c t o r  F l i g h t  T e s t  T r a j e c t o r y .  
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SECTION 6 

S U M M A A Y  A N D  FUTURE WORK 

ORIGINAL PAGE IS 
OE POOR QUALITX 

T h i s  repor t  summarizes the  ana lys i s  done i n  t he  f i r s t  phase of a s t u d y  

f o r  developing and va l ida t ing  a f l i g h t  t e s t  t r a j e c t o r y  c o n t r o l l e r  f o r  e ight  

maneuvers. System modeling, cont ro l  design r e s u l t s ,  cont ro l  design 

technique eva lua t ion ,  va l ida t ion  and software de l ive rab le  r e s u l t s  and 

conclusions a r e  summarized here .  T h i s  f i n a l  s ec t ion  descr ibes  f u t u r e  work 

which w i l l  b u i l d  upon t h i s  s t u d y  i n  the  f u r t h e r  va l ida t ion  a n d  f l i g h t  

t e s t i n g  of these  f l i g h t  test t r a j e c t o r y  c o n t r o l l e r s .  

6.1 SYSTEK MODELINS 

W i t h  newly developed l i n e a r i z a t i o n  t o o l s  by N A S A  Ames Dryden F l igh t  

Research F a c i l i t y ,  t h e  . l inear  a i r f rame models ar,e s t r a i g h t  forwared t o  

obta in .  Command augmentation system CAS models a r e  important and although 

they complicate the  maneuver au top i lo t  designs,  they a r e  e s s e n t i a l  s ince  the 

maneuver au top i lo t  m u s t  work through the  CAS i n  the  manned s imulat ion o r  i n  
the  F-15 i t s e l f .  

The output ana ly t i ca l  constrained r e l a t i o n s  developed i n  sec t ion  3 
which  d i scusses  maneuver modeling were found t o  be fundamental i n  achieving 

e f f e c t i v e l y  reduced t o  a re ference  command t a b l e  by appropriate  

l i n e a r i z a t i o n s  throughout t h e  f l i g h t  envelope. A small  number of l i n e a r  

per turba t ion  models can be used t o  decompose the  e ight  desired maneuvers 

i n t o  a few sets of l i n e a r  per turba t ion  equat ions.  

a c o n s i s t e n t  maneuver  a u t o p i l o t .  T h e  n o n l i n e a r  a e r o d y n a m i c s  c a n  be 

6 . 2  CONTROL DESIGN RESULTS 

O u t p u t  feedback c o n t r o l l e r s  w i t h  appropr ia te  i n t e g r a l  ae ros t a t e s  were 

found t o  be t h e  s implest  f o r n  of feedback c o n t r o l l e r s .  Integral ae ros t a t e s  
milst be chosen ca re fu l ly  t o  avoid c o n t r o l l a b i l i t y  problems which a r e  
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problematic i n  t he  design s t age .  

i n  the  cont ro l  design technique was found t o  be a powerful method when 
working w i t h  t he  high order augmented and coupled models. I t  was found t h a t  
a f i v e  second response time w i t h  a minimal amount of overshoot was 

s t ra ight forward  t o  achieve a t  a l l  design poin ts .  

The use of a guaranteed s t a b i l i t y  margin 

6.3 CONTROL DESIGN TECHNIQUE EVALUATIONS 

The e igens t ruc tu re  assignment technique was found t o  work well on a 

bare airframe but  w i t h  a complex augmented model was not useful  as a design 
technique because t h e r e  is no procedure t o  perform a converging i t e r a t i v e  

design approach. 

The minimum e r r o r  e x c i t a t i o n  output feedback method w i t h  a preliminary 
g u a r a n t e e d  s t a b i l i t y  margin  f u l l  s t a t e  d e s i g n  worked w e l l  a t  a l l  f l i g h t  

condi t ions .  

6 .4  M A N E U V E R  AUTOPILOT V A L I D A T I O N  

The maneuver au top i lo t s  were val idated i n  a l i n e a r  s imulat ion.  The 

t r ack ing  response f o r  reasonably high performance maneuvers were found t o  be 

q u i t e  acceptab le ,  and except f o r  exceeding the  cont ro l  au tho r i ty  a t  i s o l a t e d  

po in t s ,  is ready f o r  f u r t h e r  t e s t i n g  i n  a f u l l  nonl inear  s imulat ion.  

6 .5  SOFTWARE DELIVERABLES 

The t o o l s  used i n  model development cont ro l  design evaluat ion and 

design throughout t he  envelope as wel l  a s  va l ida t ion  were made a v a i l a b l e  t o  

N A S A  Ames Dryden F l i g h t  iiesearch F a c i l i t y .  

s imulat ion mechanized i n  ISI 's  MATRIXx SYSTEM B U I L D  ( s e e  Appendix A ) .  

addi t ion  a s tand  alone program which performs a th ree  dimensional 

These included a time varying 
I n  - 
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i n t e r p o l a t i o n  i n  s t a t e  v a r i a b l e s  and c o n v e r t s  t h i s  t h r o u g h  t h e  i n t e r p o l a t i o r  

i n t o  a 1D t a b l e  as a f i l n c t i o n  of t i m e  f o r  a s p e c i f i c :  maneuvers  was developed  
and a l s o  d e l i v e r e d  t o  N A S A .  T h e  1-D i n t e r p o l a t i o n  i n  t i m e  can t h e n  be u s e d  

i n  SYZTEK - B'JILD t o  mechanize a t ime  v a r y i n g  s i m u l a t i o n .  Documented comrnand 
f i l e s  were d e l i v e r e d  f o r  t h e  model g e n e r a t i o n ,  c o n t r o l  law d e s i g n ,  and 

c o n s t r u c t i o n  o f  l i n e a r  s i m u l a t i o n  u s i n g  a s i n g l e  model t h r o u g h o u t  t h e  f l i g h t  

n a n e u v w .  Command f i l e s  f o r  b u i l d i n g ,  l o a d i n g  t h e  d a t a  and e x e c u t i n g  a time 

v a r y i n g  s i m u l a t i o n  model were a l s o  p rov ided .  

6 .6  FUTURE WORK 

The n e x t  phase  of t h i s  s t u d y  w i l l  i n v c l v e  v a l i d a t i o n  of f l i g h t  tsst 

t r a j e c t o r y  c o n t r o l  l a w s  i n  a b a t c h  n o n l i n e a r  s i m u l a t i o n .  T h e  g a i n  szne"1ed 
l i n e a r  p e r t u r b a t i o n  c o n t r o l l e r s  deve loped  i n  t h i s  s t u d y  Are c u r r e n t l y  r e a d y  

f o r  v a l i d a t i o n  i n  s u c h  a s i m u l a t i o n .  The f i n e n e s s  of t h e  d i s c r e t i z a t i o n  

both  of  t h e  r e f e r e n c e  commands a n d  l i n e a r  p e r t u r b a t i o n  models  may need  t o  be 

r e v i s e d  i n  t h e  n e x t  phase .  An open- loop  s i m u l a t i o n  of t h e  r e f e r e n c e  c o n t r o l  
values w i l l  g i v e  an  i n i t i a l  check of t h e  a c c u r a c y  of our n o n l i n e a r  t a b u l a r  

model.  The n o n l i n e a r  s i m u l a t i o n  provided  by NASA Ames Dryden F l i g h t  

R e s e a r c h  F a c i l i t y  w i l l  i n c l u d e  b o t h  t h e  CAS model as well as t h e  a i r f r a m e  

dynamics a n d  S e n s o r  models .  The s t r u c t u r e  of t h e  n o n l i n e a r  c o n t r o l  l a w ,  
while  o n l y  o u t l i n e d  here, was developed  t o  a p o i n t  where w i t h  some s y m b o l i c  
or a lgeb ra i c  m a n i p u l a t i o n  by h a n d ,  i t  can be mechanized on t h e  n o n l i n e a r  
s i m u l a t i o n .  The a d v a n t a g e  of  t h i s  c o n t r o l  law is t h a t  a s i n g l e  s e t  of g a i n s  

w i l l  work f o r  a l l  maneuvers  t h r o u g h o u t  t h e  enve lope .  S u c h  a t r a n s f o r m e d  
l inear  s y s t e m  can be e a s i l y  c o n t r o l l e d  and t h e  r e s u l t i n g  g a i n s  back 

t r a n s f o r m e d  w i t h  t h e  n o n l i n e a r  e q u a t i o n s  t o  give a nonlinear control law. 
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INTRODUCTION : 

T h i s  Appendix g i v e s  t h e  d e t a i l s  of research conduc ted  o n  t h e  

e i g o m t r u c t w e  a s s i g n m e n t .  
as  a p a p e r  i n  t h e  19F5 American C o n t r o l  Confe rence  a t  B o s t o n .  
and  A-I11 g i v e  t h e  a i r c r a f t  - CAS models and t h e  c o n s t r a i n e d  e i g e n s t r u z t r e  

d e s i g n s  a t  two f l i g h t  c o n d i t i o n s .  

e i g e n v a l u e s  a n d  e i g e n v e c t o r s  u s e d  i n  t h e  s y n t h e s i s .  

T h e  rna tey ia l  i n  t h e  Appendix A-I was p r e s e n t e d  

Appendix A-II 

Appendix A - I V  g i v e s  t h e  d e s i r e d  

The a i rc raf t  - CAS model used here is of t h e  form 

x = FX + GU 

y = H x  

t h e  s t a t e  v a r i a b l e s  x .are t h e  p e r t u r b e d  v a l u e s  of 

V, t o t a l  a i r s p e e d  

a ,  Angle  cf a t t a c k  

q, p i t c h  body r a t e  

8, p i t c h  a t t i t u d e  

6, a n g l e  of s i d e s l i p  
p ,  roll body r a t e  
Y ,  yaw body  rate 

@, roll a t t i t u d e  
h ,  a l t i t u d e  

e n g i n e  a c t u a t o r  s t a t e  a n d  21 CAS s t a t e s  

U: t h e  c o n t r o l  v e c t o r  c o n s i s t s  of p e r t u r b e d  v a l u e s  of t h r o t t l e ,  

e l e v a t o r ,  d i f f e r e n t i a l  t a l l  a n d  r u d d e r .  
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C O N C L U S I O N S :  

y:  t h e  measurement  v e c t o r  and c o n s i s t s  of t h e  p e r t u r b e d  v a l u e s  

of 

p: roll a n g u l a r  a c c e l e r a t i o n  
A n :  n o r n a l  a c c e l e r a t i o n  

q: p i t c h  r a t e  
q: p i t c h  a n g u l a r  a c c e l e r a t i o n  
p: roll r a t e  
A : y-body a c c e l e r a t i o n ,  n o t  a t  t h e  v e h i c l e  c e n t e r  of 

Y , i  
g r a v i t y  

r: yaw a n g u l a r  a c c e l e r a t i o n  

r: yaw r a t e  

h: a l t i t u d e  

M: mach number 
a: a n g l e  of a t t a c k  

n: load f a c t o r  
6 :  roll a t t i t u d e  

e: p i t c h  a t t i t u d e  
1;: a l t i t u d e  r a t e  

U3: x-body a x i s  v e l o c i t y  

A nx : x-body a x i s  a c c e l e r a t i o n  a t  v e h i c l e  C.G.  

The c o n s t r a i n e d  e i g e n s t r u c t u r e  a s s i g n m e n t  d e s i g n  p r o c e d u r e  i n  i ts  

p r e s e n t  form demands s e v e r a l  i t e r a t i o n s  t o  c o n v e r g e  t o  a s a t i s f a c t o r y  d e s i g n  

and  d o e s  n o t  a p p e a r  t o  eas i ly  y i e l d  s u i t a b l e  i n s i g h t  for o u t p u t  feedback 

d e s i g n  of h i g h  o r d e r  m u l t i v a r i a b l e  s y s t e m s .  If a r a t i o n a l  method t o  
g e n e r a t e  a n  a c h i e v a b l e  s e t  of d e s i r e d  e i g e n v e c t o r s  i s  d e v i s e d ,  t h i s  

t e c h n i q u e  w i l l  b e  made more a t t r a c t i v e .  
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1 .  I N T R O D U C T I O N  : - - 

F l i g h t  t es t  t r a j e c t o r y  c o n t r o l  is a t e c h n i q u e  d e s i g n e d  t o  a i d  i n  t h e  

c o l l e c t i o n  of l a r g e  q u a n t i t i e s  of h i g h  q u a l i t y  d a t a .  

p r o v i d e d  t h e  means f o r  f l y i n g  maneuvers  c o n s i s t a n t l y ,  p r e c i s e l y ,  a n d  r e p e a t -  
a b l y  from f l i g h t  t o  f l i g h t .  Two v e r s i o n s  of these c o n t r o l l e r s  h a v e  been  

used:  a c l o s e d - l o o p  a u t o m a t i c  s y s t e m  a n d  a n  open- loop  s y s t e m  p r o v i d i n g  
manual  p i l o t i n g  i n f o r m a t i o n .  A c l o s e d - l o o p  s y s t e m  u s e d  t o  c o l l e c t  per-  

f o r m a n c e ,  p r e s s u r e s ,  a n d  loads  da t a  from t h e  h i g h l y  maneuverab le  a i r c r a f t  

t e c h n o l o g y  (HIMAT) v e h i c l e  is  d e s c r i b e d  i n  [ 1 ] .  The  a p p l i c a t i o n  of t h e  

open- loop  s y s t e m  on  t h e  N A S A  F-111 t r a n s o n i c  a i r c r a f t  t e c h n o l o g y  (TACT), 
F-15 a i r f r a m e l p r o p u l s i o n  s y s t e m  i n t e r a c t i o n  s t u d i e s ,  and  F-15 s h u t t l e  t i l e s  
tes t  programs a r e  g i v e n  i n  [23. 

were deve loped  o n - l i n e ,  i n  a p i l o t e d  s i m u l a t i o n  u s i n g  c u t - a n d - t r y  t e c h n i q u e s  
t h a t  was n o t  o n l y  man power i n t e n s i v e ,  b u t  o f t e n  produced  l e s s  t h a n  des i r -  

ab le  c o n t r o l l e r s .  A c l o s e d - l o o p  s y s t e m  d e s i g n e d  u s i n g  one- loop-a t -a - t ime 
c l a s s i c a l  d e s i g n  a p p r o a c h  is documented i n  [3]. F u l l - s t a t e  feedback 

a p p r o a c h  f o r  c l o s e d - l o o p  s y s t e m  d e s i g n  u s i n g  L i n e a r  q u a d r a t i c  s y n t h e s i s  is 

d e s c r i b e d  i n  [4]. 
methodology and  c o n t r o l l e r  c o m p l e x i t y .  

T h i s  t e c h n i q u e  h a s  

O r i  g i n a l l y ,  t h e  o p e n - l o o p  f l i g h t - t e s t -  t r a j  ect  o r y  g u i  d a n c e  a lgo r i  thrns 

Both  these a p p r o a c h e s  h a v e  l i m i t a t i o n s  i n  terms of d e s i g n  

The  research c u r r e n t l y  underway i n c l u d e s  a n  e x p l o r a t i o n  of v a r i o u s  

m u l t i v a r i a b l e  synthesis  t e c h n i q u e s  f o r  t h i s  problem.  T h e  f irst  a p p r o a c h  
c o n s i d e r e d  i s  t h a t  of c o n s t r a i n e d  e i g e n  v a l u e l e i g e n  v e c t o r  a s s i g n m e n t  [5]. 
A p r i m a r y  goal is t o  d e v e l o p  c o n t r o l l e r s  based on o u t p u t  feedback so as t o  
decrease c o n t r o l l e r  c o m p l e x i t y  a n d  t o  e n h a n c e  r o b u s t n e s s .  The  o b j e c t i v e  
of t h i s  paper i s  t o  p o i n t  o u t  s t r e n g t h s  a n d  weakness  of t h i s  t e c h n i q u e  when 
u s e d  i n  a ,  r e a l i s t i c ,  r e l a t i v e l y  a l a r g e  problem s u c h  as  r e q u i r e d  f o r  f l i g h t  

t e s t  t r a j e c t o r y  c o n t r o l l e r s .  
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2 .  THE FLIGHT TEST TRkJECTORY CONTiiOL PROBLEM: 

F l i g h t  test  t r a j e c t o r i e s  a r e  f l o u n  t o  e v a l u a t e  a n  a i r c r a f t  w i t h i n  i t :  

k n w n  o p e r a t i o n a l  e n v e l o p e  and  t o  e x p l o r e  the  b o u n d a r i e s  of i t s  cap3:il:- 

t i e s .  T h i s  makes t h e  f l i g h t  t es t  t r a j e c t o r y  c o n t r o l  a v e r y  demanding t a s k .  

C o n t r o l  systems d e s i g n e d  f o r  t h i s  purpose  m u s t  n o t  o n l y  o p e r a t e  s a t i s f a c -  

t o r i l y  i n  terms of k e e p i n g  t h e  f l i g h t  test  v a r i a b l e s  w i t h i n  a c c e p t a b l e  

t o l e r a n c e  b u t  s h o u l d  a l s c  be r e a s o n a b l y  i n s e n s i t i v e  t o  mode: paraxe ter  

v a r i  a t  i o n s .  
An a p p r o a c h  t o  c l o s e d - l o o p  f l i g h t  t es t  t r a j e c t o r y  c o n t r o l l e r  s y n t h e s i s  

c o n s i s t s  of l i n e a r i z i n g  t h e  a i r c r a f t  model a t  s e v e r a l  f l i g h t  c o n d i t i o n s  
about  t h e  f l i g h t  t e s t  t r a j e c t o r y  and  d e s i g n i n g  m u l t i v a r i a b l e  c o n t r o l l e r s ,  
which i n  some s e n s e  m i n i m i z e s  t h e  d e v i a t i o n s  from t h e  r e f e r e n c e  p a t h .  ?;me 

v a r y i n g  n a t u r e  of t h e  l i n e a r i z e d  a i r c r a f t  model a l o n g  t h e  r e f e r e n c e  p a t h  
b r i n & s  a b o u t  t h e  n e e d  fo r  s c h e d u l i n g  g a i n s  as  a f u n c t i o n  of t i r e  o r  as  f u n c -  

t i o n s  of son? i m p o r t a n t  f l i g h t  v a r i a b l e s  s u c h  as dynamic p r e s s u r e ,  Each  

number e tc .  The  g a i n  s c h e d u l i n g  aspects w i i l  n o t  be p u r s u e d  a n y  f w t h e r  i n  

t h i s  p a p e r ,  a n d  i n  a l l  t h a t  fol lows,  d i s c u s s i o n s  w i l l  c e n t e r  a r o u n d  a 
l i n e a r - t i m e - i n v a r i a n t  a i r c r a f t  model. F u r t h e r ,  t h o u g h  t h e  f l i g h t  t e s t  t r a -  

jectory c o n t r o l l e r  is d i s c r e t e ,  i n  t h i s  p r e l i m i n a r y  s t a g e  i t  w i l l  be assumed 
t h a t  t h e  s a m p l i n g  r a t e  i s  s u f f i c i e n t l y  h i g h ,  p e r m i t t i n g  t h e  a p p l i c a t i o n  of 

c o n t i n u o u s  c o n t r o l  d e s i g n  t e c h n i q u e s .  

The  a i r c ra f t  u n d e r  c o n s i d e r a t i o n  i s  a h i g h  pe r fo rmance  f i g h t e r  w i t h  

cmmand  a u g m e n t a t i o n  s y s t e m  (CAS) engaged  i n  a l l  t h e  t h r e e  axes. The  CAS is 
a h i g h l y  n o n l i n e a r  s y s t e m  w i t h  s a t u r a t i o n s ,  m u l t i p l i c a t i v e  n o n l i n e a r i t i e s  

and g a i n  s c h e d u l e s .  A t  a p a r t i c u l a r  f l i g h t  c o n d i t i o n ,  t h i s  s y s t e m  c a n  be  

a p p r o x i m a t e d  by a l i n e a r  s y s t e m  w i t h  " e q u i v a l e n t "  g a i n s  d e r i v e d  fran non- 
l i n e a r  s i m u l a t i o n s .  T h e  a i rc raf t  model a t  t h e  same f l i g h t  c o n d i t i o n  i s  
o b t a i n e d  fran a g e n e r i c  a i r c r a f t  l i n e a r i z a t i o n  c o d e  d e v e l o p e d  a t  NASA-Dryden 

F l i g h t  Research F a c i l i t y  [6J. T h e  s t a t e  v a r i a b l e s  u s e d  are  t o t a l  s p e e d ,  
a n g l e  of a t t ack  a n d  a n g l e  of s i d e s l i p ,  p i t c h  r a t e ,  yaw r a t e ,  r o l l  r a t e ,  
pl t c h  a t t i t u d e ,  roll a l t i t u d e  a n d  a l t i t u d e .  T h r o t t l e ,  r u d d e r ,  e l e v a t o r  and 

d i f f e r e n t i a l  t a i l  c o n s t i t u t e  t h e  c o n t r o l  v a r i a b l e s .  The e n g i n e  dynamics  a r e  
modeled  as a first order l a g .  T h u s ,  t he  a i r c r a f t  toge ther  w i t h  CAS a t  a 

p a r t i c u l a r  f l i g h t  c o n d i t i o n  i s  a c o u p l e d  31-st o r d e r  s y s t e m  w i t h  f o u r  con- 

trols, t h e  a i r c ra f t  model h a v i n g  10 s t a t e s .  A block diagram of t h e  s y s t e m  
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?n r L4:G-IMA_~ pAGE 1s 
OF P m R  QUALITY: 

b', 

' '1: 1 

w i t h  ? l i g h t  t e s t  t r a j e c t o r y  c o n t r o l l e r  ( c a l l e d ' t h e  Mane..idCr u t c P i l - .  . e r e )  

i n c l u d e d  i n  t h e  loop is  shown i n  Figure 1 .  Note t h a t  HAP c o - t r o l s  L:,e a i r -  

c r a f ,  t h r o u g h  CAS. Due t o  t h i s ,  e v e n  i f  t h e  a i r c r a f t  model is d e c o u p l e d  i n  
1on 'k:Ludinal  a n d  l a t e r a l  a x e s  a t  a p a r t i c u l a r  f l i g h t  condi t ic i t ,  t h e  =AS i n -  

t r o d u c e s  a s t r o n &  c o u p l i n g  i n t o  t h e  s y s t e m .  I n  c o n c i s e  terms, t h e  chief 

o b j e c t i v e  of t h e  p r e s e n t  s t u d y  is t o  s y n t h e s i z e  t h e  m a w u v e r  a u t o p i l o t  s o  as 

t o  effect  s a t i s f a c t o r y  t r a n s i e n t  r e s p o n s e ,  S i x  maneu7:zrs h a v e  been  
az;;:J.yzed, which a r e  s k e t c h e d  below. 

, I  .-. - 
. ?  

Y $4 

? *  1 L e v e l  Accel erat  i o n / D e c e l e r a t i o n  . .  

T h i s  i s  a w i n g s - l e v e l ,  c o n s t a n t  a l t i t u d e  maneuver  w i t h  Hath number 
c o q s t a n t  or c h a n g i n g  a t  a spec i f i ed  r a t e .  

'" 2.2 P u s h o v e r ,  P u l l u p  

T h i s  is  a w i n g s - l e v e l ,  c o n s t a n t  Mach number maneuver  ir. which a n g l e  o? 

a t t ack  is v a r i e d  a specified i n c r e m e n t  a b o u t  t h e  trim v a l u e  i t ,  sane speci- . 

f i e d  ra te .  

2.3 Zoom and Pushover  8 

The zoom a n d  pushover  i s  a w i n g s - l e v e l ,  t h r u s t  g t a t i l i z e d  less  t h a n  l g  
maneuver .  T h e  f l i g h t  t r a j e c t o r y  is a p a r a b o l i c  p a t h  with t h e  target 

Machlalt i  t u d e l a n g l e  of attack p o i n t  a t  t h e  a p e x .  

2.4 E x c e s s  T h r u s t  Windup T u r n  

T h i s  is  a maneuver  w i t h  a n g l e  of a t tack  l i n o a r l y  i n c r e a s i n g  from t h e  

w i n g s - l e v e l  trim c o n d i t i o n  t o  s a n e  specif ied f i n a l  v a l u e  a t  a spec i f i ed  

r a t e .  The maneuver  i s  per fo rmed  a t  c o n s t a n t  a l t i t u d e  a n d  c o n s t a n t  Mach 

number.  
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2.c1 C o n s t a n t  T h r o t t l e  h ' l n d u p  Turn 

T h i s  i s  a r;,.?neYver w i t h  a n ~ l e  of a t t a c k  i n c r e a s i n g  l i n e a r l y  a t  a 
s p e c i f i e d  r a t e  from trim t o  some s p e c i f i e d  f i n a l  v a l u e .  T h e  maneuver is 

p e r f o r m e d  a t  a P r e d e t e r m i n e d ,  c o n s t a c t  t h r u s t  l e v e l .  Mach number i s  m a i n -  

t a i n e d  b y  t r a d i n g  p o t e n t i a l  f o r  k i n e t i c  e n e r g y  v i a  an  a p p r o p r i a t e  a l t i t u d e  
rztr3. 

2.6 C o n s t a n t  R e y n o l d s  Number and C o n s t a n t  Load F a c t o r  T r a j e c t o r y  

T h i s  maneuver  i s  i n i t i a t e d  a t  a p r e d e t e r m i n e d  l o a d  f a c t o r ,  Mach nu-- 
be?, and d y n a T i c  p r e s s u r e .  T h u s ,  t h e  i n i t i a t i o n  of  t h i s  maneuver i s  n o t  
n e c e s s a r i l y  t h e  u i n & s - l e v e l  c o n d i t i o n .  T n i s  maneuver can be e i t h e r  an  

a s c e n d i n &  or d e s c e n 5 i n g  r ianeuver  a t  a s p e c i f i e d  Mach number r a t e .  Reym:ds 
number and l o a d  f a c t o r  a r e  h e l d  c o n s t a 3 t  t h r o u g h o u t  t h e  maneuver .  A l t i t c d e  

i s  g a i n e d  o r  lost t o  m a i n t a i n  Reynolds  number w i t h  c h a n g i n g  Mach number. 

The s i m p l e s t  of these  i s  t h e  l e v e l  acceleration/deceleration t ra jec-  
t o r y  and  t h e  MAP d e s i g n  f o r  t h i s  maneuver w i l l  be used  as t h e  i l l u s t r a t i v e  

example i n  t h i s  p a p e r .  

3 .  OUTPUT FEEDBACK DESIGh': 

As i n d i c a t e d  ea r l i e r .  output feedback is a t t r a c t i v e  b e c a u s e  of s i m p l i -  

city. F u r t h e r ,  g a i n  s c h e d u l i n g  w i l l  be essent ia l  i n  t h i s  s i t u a t i o n  and  i n  

order t o  m i n i m i z e  t h e  amount of s t o r e d  d a t a ,  i t  i s  d e s i r a b l e  t o  h a v e  a 
c a p a b i l i t y  t o  impose  c o n t r o l  s t ruc tura l  c o n s t r a i n t s .  

I 

C u r r e n t l y ,  s e v e r a l  a p p r o a c h e s  are a v a i l a b l e  f o r  o u t p u t  f e e d b a c k  
d e s i g n ,  see Refs [5, 7-10] f o r  example.  I t  is n o t  t h e  p u r p o s e  of  t h i s  paper  

t o  compare a n d  c o n t r a s t  these,  b u t  t o  e v a l u a t e  a s p e c i f i c  t e c h n i q u e  from an  
a p p l i c a t i o n  p o i n t  of view.  C o n s t r a i n e d  e i g e n  v a l u e l e i g e n  v e c t o r  a s s i g n m e n t  

t e c h n i q u e  of [51  was u s e d  i n  t h i s  p a r t i c u l a r  a p p l i c a t i o n  w i t h  t h e  hope t h a t  
i t  would p e r m i t  t h e  g e n e r a t i o n  of  d e s i g n s  b a s e d  on  t h e  c l a s s i c a l  n o t i o n s  of 

p o l e s ,  z e r o s  a n d  t he i r  r e l a t i v e  l o c a t l o n  I n  t h e  complex p l a n e .  

- A d d i t i o n a l l y ,  t h e  s e l e c t i o n  of t h i s  t e c h n i q u e  was m o t i v a t e d  by  t h e  exar ,p le  
i n  [ 5 ] ,  v i z ,  t h e  l a t e r a l  a x i s  s t a b i l i t y  Augmen ta t ion  S y s t e m  f o r  t h e  L1011 

105 



a i rp l ane .  S a l i e n t  f e a t u r e s  of t h i s  approach a r e  ou t l ined  i n  the  following 

f o r  c l a r i t y  of t h e  subsequent d i scuss ions .  

3.1 Constrained Eigcn Value Vector Assignment 151: 

Consider t h e  l i n e a r  time inva r i an t  system 

x = A X  + BU 

y = c x  

r w i t h  

compatible dimensions. 

X E A n ,  U E R m ,  y E A and A ,  B ,  C a r e  r e a l  constant mat r ices  of 

I t  is d e s i r e d  t o  design a feedback c o n t r o l l e r  of the  form 

U = Fy 

w i t h  a s t r u c t u r a l  c o n s t r a i n t  t h a t  some s p e c i f i e d  elements of F s a t i s f y  

I t  is assumed t h a t  t he  system can be s t a b i l i z e d  w i t h  given ou tpu t s  y ,  

and t h a t  any dynamic compensators requi red  have been appended t o  t h e  

original system. 
The design problem is: given a s e l f  conjugate  s e t  of s c a l a r s  

I A  1 1 = 1, 2 . . , r ,  and a corresponding s e l f  conjugate set of n vec tors  

{ v i )  i = 1 ,  2 ... r ,  a n d  a g iven  c o n t r o l l e r  s t r u c t u r a l  c o n s t r a i n t ,  f i n d  a 

r e a l  m x r matr ix  F such t h a t  r of t he  eigen values  of A + BFC a r e  

"close"  t o  the  set  { A i ]  and the  corresponding e igen  vec to r s  of A + BFC a r e  

"closev1 t o  t h e  r e s p e c t i v e  member of ( v  1 .  

d 

b 

d 

d 
1 
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r.'Jte t h a t  i f  t he re  a r e  nc c o n s t r a i n t s  on the  feedback matr ix ,  i t  i s  
f e a s i b l e  t o  place r des i red  eigen values  exac t ly .  

m i g h t  no t  belong t o  the  s e t  of ass ignaSle closed l o o p  e igenvec tors .  I t  t h e 2  
d t e c m e s  necessary t o  f i n d  some a p p r o x i r a t i o n  t o  the s e t  I v . )  w h i c h  i s  

a s s i m a b l e ,  ye t  "c lose"  i n  Some sense t o  the  oriEina! { v i ) .  

suSseouently t h a t  t h i s  i s  the main d i f f i c u l t y  i n  t h i t  a p p l i c s t i o n  of t h i s  

technique t o  a complex problem such a s  f l i g h t  t e s t  t r a j e c t o r y  c o n t r o l l e r  

design. 

1 d I t  K i l l  be seen 

Complete d e t a i l s  of t h i s  approach can be found i n  [5]. I t  i s  perhaps 

of i n t e r e s t  t o  note  t h a t  i n  add i t ion  t o  t h e  c a p a b i l i t y  t o  h a n d l e  c o n t r o l l e r  

s t r u c t u r e  c o n s t r a i n t s ,  t h i s  technique car! be modified t o  accept p a r t i a l  

s p e c i f i c a t i o n  of eigen vec tors .  

s y s t e m .  In sumxrary, t o  em?loy t h i s  syn thes i s  approscf; ,  the  fo l lov ing  a r e  
r eqs i r ed .  

T h i s  f e a t u r e  can be v z l u z t l e  i i  h i g h  o r d e r  

g i v e n  

( i )  Based on t h e  p r a c t i c a l  a spec t s  of the problem, choose a minimal 
s e t  of measurements which w i l l  permit the designer  t o  achieve the  
des i r ed  performance. Introduce dynamic compensators such a s  
i n t e g r a l  feedbacks,  l ead- lag  networks, e t c . ,  based on experience.  

( i i )  Choose a s e t  of des i red  eigenvalues  and e igenvec tors  equal t o  the  
number of outputs .  

While t h e  s e l e c t i o n  of des i red  eigenvalues  i s  o f t en  apparent i n  a 
problem,  t h e  d e s i r e d  e i g e n v e c t o r s  are d i f f i c u l t  t o  select .  A p i e c e  of 

information which might se rve  as a guide i n  t h i s  s e l e c t i o n  is t he  f a c t  t h e  

closed loop e igenvec tors  v corresponding t o  t h e  closed loop eigenvalues  A 

mus t  l i e  i n  t h e  subspace spanned by t he  columns of the  mat r ix  O I i I - A ) B  . 
Fur the r ,  the  mat r ix  C V ,  V - { v , ,  v 2  . .. vr1 should be i n v e r t i b l e .  

complete s p e c i f i c a t i o n  of des i red  e igenvec tors  a r e  not f e a s i b l e ,  a rough 

r u l e  is t o  pick t h e  entries i n  t hese  eigenvectors  as zeros  or  ones based on 
whether a p a r t i c u l a r  measurement needs t o  con t r ibu te  t o  a p a r t i c u l a r  mode or  
not.  I n  any case ,  cons t ruc t ing  a s e t  of des i red  e igenvec tors  t h a t  a r e  
ass ignable  c o n s t i t u t e s  the  most d i f f i c u l t  p a r t  of t h i s  design technique. 

1 
-1 

i 
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4. FLIGHT TEST TRAJECTORY CONTROLLER SYNTHESIS: ------------------- 

As an  i l l u s t r a t i v e  e x a n p l e ,  c o n s t r a i n e d  e i g e n s t r u c t u r e  a s s i g n m e n t  
t e c h n i q u e  is next .  u s e d  i n  t h e  d e s i g n  of level acce lera t ion /dece lera t ion  
f l i g h t  t e s t  t r a j e c t o r y .  A l t e r n a t e  d e s i g n  a p p r o a c h e s  have  been u s e d  f o r  t h i s  

maneuver and  h e n c e  c o m p a r a t i v e  e v a l u a t i o n  was feas ib le .  T h e  l e v e l  
accelerationldeceleration maneuver  r e q u i r e s  t h e  r o l l  a t t i  t u d e  t o  be main- 
t a i n e d  zero a n d  t h e  a l t i t u d e  t o  be h e l d  c o n s t a n t .  T h e  mach number s h o u l d  be 

m a i n t a i n e d  c o n s t a n t  or s h o u l d  change  a t  a s p e c i f i e d  r a t e .  To e n s u r e  zero 
s t e a d y  s t a t e  errors, i n t e g r a l  feedbacks a r e  first i n t r o d u c e d  i n  t h e  a l t i t u d e  

and mach number c h a n n e l s .  S i n c e  t h e  mach number command c a n  be a ramp,  an  
a d d i t i o n a l  i n t e g r a t o r  is r e q u i r e d  in t h i s  c h a n n e l  t o  decrease t r a c k i n g  
errors. T h i s ,  however ,  was n o t  done  b e c a u s e  t h e  t r a c k i n g  errors w i t h  a 

s i n g l e  i n t e g r a l  feedback has  been  f o u n d  t o  be w i t h i n  acceptable y a l u e s .  

The d e s i r e d  e i g e n v a l u e s  t o  be u s e d  i n  t h e  d e s i g n  are  clear a t  t h e  out-  
s e t ,  based o n  t h e  f o u r  modes for  a i r c r a f t  model ,  v i z ,  t h e  p h u g o i d ,  s h o r t  

p e r i o d ,  d u t c h  roll and  roll convergence .  The c o n t r o l l e r  s t r u c t u r e  con- 

s t r a i n t  i n  t h i s  f l i g h t  maneuver  is t h a t  t h e  errors in l a te ra l  c h a n n e l  w i l l  

be corrected u s i n g  r u d d e r  and  d i f f e r e n t i a l  t a l l ,  whi le  t h e  errors in l o n g i -  
t u d i n a l  c h a n n e l  w i l l  be corrected u s i n g  e l e v a t o r  a n d  t h r o t t l e .  I n  view o f  
t h e  time v a r y i n g  n a t u r e  of t h e  model, o n e  would l i k e  t o  p i c k  a se t  of e igen -  
v a l u e s  and  e i g e n v e c t o r s  a t  a p a r t i c u l a r  f l i g h t  c o n d i t i o n  t h r o u g h  e x t e n s i v e  
d e s i g n  i t e r a t i o n s  and  t h e n  a t t e m p t  t o  u s e  these a t  other f l i g h t  c o n d i t i o n s .  

The  choice of desired e i g e n v e c t o r s  is n o t  clear a t  t h i s  p o i n t .  T h r e g  
a p p r o a c h e s  were t r i e d  w i t h  v a r y i n g  degrees of s u c c e s s .  T h e s e  are  sketched 

i n  t h e  f o l l o w i n g .  

4.1 M i n i m a l l y  R e s t r u c t e r e d  E i g e n a s s i g n m e n t  

S i n c e  i t  is known t h a t  t h e  closed loop  e i g e n v e c t o r s  l i e  i n  a s u b s p a c e  

s p a n n e d  by t h e  co lumns  of ( X i I - A )  

these v e c t o r s  were u s e d  as d e s i r e d  e i g e n  v e c t o r s .  The weights t o  be used  i n  
g e n e r a t i n g  these l i n e a r  c a n b i n a t i o n s  were c o n s t r u c t e d  from t h e  a d d i t i o n a l  

i n f o r m a t i o n  t h a t  u n a s s i g n e d  e i g e n v e c t o r s  s h o u l d  be close t o  the i r  open l o o p  
v a l u e s  i n  a l eas t  s q u a r e  s e n s e .  

E' ,  i I 1 ,  ... n ,  l i n e a r  c o m b i n a t i o n s  of . .  

I 

I. 
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k . 2  Decoupl i n g  Eigenassi  gnment 

A v a r i a t i o n  t o  t h e  above u a s  attem;ted next .  Since we a r e  i n t e r e s t e d  i r .  

h a v i n g  t h e  l e a s t  cross  a x i s  coupling i n  the  c o n t r o l l e r  as  poss ib l e ,  t h e  

desired e igenvec tors  i n  the  longi tudina l  channel may be chosen t o  t h a t  t h e  

responses  f r m  l a t e r a l  channels a re  blocked, i .e .  s e l e c t  e igenvectors  as  

V a r e  the  des i r ed  eigenvectors .  a a r e  se l ec t ed  u s i n g  t h e  same c r i t e r i a  as  

4.1.  Though t h e s e  two approaches could be made t o  work a t  each f l i g h t  con- 

d i t i o n  by i t e r a t i n g  on the  des i red  eigen values ,  they f a i l e d  t o  e a s i l y  pro- 

duce a s e t  of acceptab le  eigen vectors  which could be used a t  o ther  f l i g h t  

condi t ions.  N e x t ,  p a r t i a l  s p e c i f i c a t i o n  of des i red  e igenvec tors  was 
attempted a s  fol lows:  

d i 

4.3 Dominant Mode Eigenassignment 

According t o  r e f  151, complete s p e c i f i c a t i o n  of des i red  e igenvec tors  a r e  

n e i t h e r  necessary nor des i r ab le .  

not  p a r t i c i p a t e  i n  a given mode, appropr ia te  e n t r i e s  i n  t h e  eigenvectors  a r e  

made ones or z e r o s ,  l eav ing  o ther  e n t r i e s  f r e e .  W i  t h  t h e s e  eigenvectors ,  

t h e  des i red  eigenvalues  a r e  moved a s  f a r  l e f t  from the  imaginary a x i s  as  

poss ib l e  w i t h  least  change i n  t h e  l o c a t i o n  of unplaced eigenvalues.  The 

des i r ed  e igenvec tors  so obtalned appeared t o  work over most f l i g h t  condi- 

t i o n s .  Note, however, t h a t  ex tens lve  i t e r a t i o n s  on the  des i r ed  eigenvalues 

may of ten  be r equ i r ed  t o  produce a s a t i s f a c t o r y  design. 

Depending on t h e  s t a t e s  should or should 
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The o p e n - l o o p  e i g e n v a l u e s  f o r  t h e  a i r c r a f t - C A S  l i n e a r i z e d  model a t  
Mach 1 .2  a n d  10000' a l t i t u d e  i s  g i v e n  i n  t a b l e  1, T h e  system h a s  a p o l e  o n  
t h e  r i g h t  h a l f  of s p l a n e .  P a r t i a l  s p e c i f i c a t i o n  of t h e  d e s i r e d  e i g e n -  
v e c t o r s  a re  c o n s t r u c t e d  n e x t ,  based o n  t h e  s t a t e s  t h a t  s h o u l d  o r  s h o u l d  n o t  
p a r t i c i p a t e  i n  a g i v e n  measurement .  

p r e s e n t  example  are g i v e n  i n  t a b l e  2. I t  c a n  be s e e n  from t h i s  t a b l e  t h a t  

no  r e s t r i c t i o n  has been p l a c e d  on s t a t e s  a s soc ia t sd  w i t h  CAS. A manlual 

i t e r a t i o n  is  now u n d e r t a k e n  t o  d e t e r m i n e  t h e  d e s i r e d  e i g e n v a l u e s .  

d e s i g n e r  is  i n t e r e s t e d  i n  p r o d u c i n g  a s t a b l e  system w i t h  a s  h i g h  a speed of 

r e s p o n s e  as p o s s i b l e ,  t h e  e i g e n v a l u e s  t o  be moved a r e  t h e  o n e s  c losest  t o  
t h e  i m a g i n a r y  a x i s .  Hence,  these a re  moved as  f a r  t o  t h e  l e f t  of t h e  

imag!nary a x i s  as p o s s i b l e  w i t h  l e a s t  change  i n  t h e  l o c a t i o n  of other e i g e n -  
v a l u e s .  T a b l e  3 shows a s e t  of des i red  e i g e n v e c t o r s  o b t a i n e d  from t h i s  

exercise:  
e i g e n v a l u e / e i g e n v e c t o r  d e s i g n  t e c h n i q u e  is g i v e n  i n  t a b l e  4.  T a b l e  5 g i v e s  
t h e  c l o s e d  l o o p  e i g e n v a l u e s .  

a c h i e v e d  e i g e n  v a l u e s  are close t o  t h e  d e s i r e d  o n e s .  

The  des i red  e i g e n v e c t o r s  u s e d  i n  t h e  

S i n c e  t h e  

The  o u t p u t  feedback g a i n s  o b t a i n e d  from t h e  c o n s t r a i n ' e d  

Comparing t h i s  w i t h  t a b l e  3 shows t h a t  t h e  

I n  F i g u r e s  2 a n d  3,  t h e  time r e s p o n s e  of t h e  s y s t e m  f o r  a ramp mach 

number command a r e  shown. A q u e s t i o n  t h a t  occurs n a t u r a l l y  a t  t h i s  p o i n t  is 

whether t h e  d e s i g n  c a n  be improved  by f u r t h e r  a d j u s t m e n t  of d e s i r e d  e i g e n  
v a l u e s  a n d  e i g e n  v e c t o r s .  E x a n i n a t i o n  of t h e  c o n s t r a i n e d  e i g e n  v a l u e l e i g e n  

v e c t o r  a p p r o a c h  y i e l d s  no  answer  t o  t h i s  q u e s t i o n .  

5. CONCLUSI Oh's 

Des ign  of a maneuver  a u t o p i l o t  f o r  f l i g h t  test  t r a j e c t o r y  c o n t r o l  

u s i n g  c o n s t r a i n e d  e i g e n v a l u e / e i g e n v e c t o r  a s s i g n m e n t  was d i s c u s s e d .  Diff  i- 

c u l t i e s  e n c o u n t e r e d  i n  t h e  g e n e r a t i o n  of des i red  e i g e n v a l u e s  a n d  e i g e n -  

v e c t o r s  were o u t l i n e d .  T h i s  a p p r o a c h  demands s e v e r a l  i t e r a t i o n s  t o  c o n v e r g e  

t o  a s a t i s f a c t o r y  d e s i g n  a n d  does not a p p e a r  t o  e a s i l y  g i v e  s u i t a b l e  i n s i g h t  

f o r  o u t p u t  f e e d b a c k  d e s i g n  of h i g h  o r d e r  m u l t i v a r i a b l e  s y s t e m s  which  w i l l  be 

used  a t  other o p e r a t i n g  p o i n t s .  I f  a r a t i o n a l  method t o  g e n e r a t e  a n  

a c h i e v a b l e  s e t  of e i g e n v e c t o r s  is d e v i s e d ,  t h i s  t e c h n i q u e  w i l l  b e  made more 

a t t r a c t i v e .  One p o s s i b i l l t y  migh t  be t o  g e n e r a t e  g r a d i e n t s  of t h e  e i g e n -  

s y s t e m  be tween f l l g h t  c o n d i t i o n s  a n d  i n c l u d e  t h i s  i n f o r m a t i o n  i n  t h e  s i n g l e  

p o i n t  d e s i g n  t e c h n i q u e .  
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TABLE 1. OPEN-LOOP EIGEN VALUES FOR AIRCRAFT-CAS LINEARIZED MODEL AT MACH 

I 1.2 AND 1000's ALTITUDE 

5. %56D+Oi +2. Oa3D+Oi i 
=5.9456p+Ol -2,029Jb+Oli 
-f .3674D+O2 -3.2629P-15i 
-1.8879Mi +3,M3+17i 
-8.775WOl +5.8218P+oli 
-8.7758Wl 5.8218pCOli 
-i.Oil#)WOZ +5.1?23D-i5i 
-1. ##D+02 +I. 21 clb-15i 
-8.81980rOl t3.5469H6i 
-2.3286p61 +8.2436&17i 
-?.41l7p+oO t3.3574PtOii 
-7.41 1M -3. S74M1 i 
-7,9725MO +8.262WOi 
-7,972SPC06 -8.2655bWi 

1 1 2  



TABLE 2. DESIRED EIGEN VECTORS AND THEIR INTERPRETATION "99" STANDS FOR 
LJI'tSPECIFIED COMPONENTS 

99. 99. 99. 99, 99. 99. 99. 99. -\ 
93. 99. 99. 99. 99. 99. 99. 99. 
49. 99. 99. 99. 99. 99. 99. 99. 
99. 99. 99. 99. 99. 99. 99, 99. 
99. 99. 99. 99. 99. 99. 99. 99. 
99. 99. 99. 99. 99. 99. 99. 49. 
Me 99. 9 9 a  99. 99. 99. 99. 39. 
99. 99. 99. 99. 99. 99. 99. 99. 
99. 99. 99. 99. 99. 99. 99. 99. 
33. 99. 99. 99. 99. 99. 99. 99, 
99. 99. 99. 99. 99. 99. 99. 99. 
99. 93. 99. 99. 99. 99. 99. 99. 
99. 99. 99. 99. 99. 99. 99. 99. 
99. 99. 99. 99. 99. 99. 99. 99. 
39. 99. 99. 99. 99. 99. 99. 93. 
99. 99. 99. 99. 99. 99. 89. 99. 
99. 99. 99. 99. 99. 99. 99. 99. 
99. 99. 99. 99. 99. 99. 99. 99. 
b9. 99. 99. 99. 99. 99. 99. 99. 
99. 99. 99. 99. 93. 99. 99. 99. 
99. 99. 99. 99. 99. 99. 99. 99. / 

CAS States 

S t a t e s  

1 1 3  



TABLE 3 .  DESIRED EICEN VALUES 

-2,oooOkO1 i2.0060P-01i 
-2.OOOOp-01 -2.aXK)P-Ofi 
-1.WP.01 +l,oooOo-Oii 
-1.5ooop-01 -1,oooObo1i 
-1 . WP-01 +l . 4 0 p - O i  i 
-2.5WPal +#, WD+#i 
-l,cooOD-O1 -1.4OWp-Oii 
-2 . 7ooOP-01 +O. o o o O ~ i  

TABLE 4 .  OUTPUT FEEDBACK CONTROLLER 

TABLE 5 .  CLOSED LOOP E I C E N  VALUES 

I 

-l.lJSlP+@ -1.4054Mli 
-4.1BlM *I.WDHli 
-3.20263+0# *4.oUlD90i 
-3.2028090 -4.WlD90i 
-1.oooOD+aO 40.oooOD+OOi 
b.UJ9D-41 *C.73lsWli 
-6.9139D-01 -6.7315wli 
~.oooowi 40.oooo090i 
-4.776SWl 6. oooOo4oi 
-3,4063D-01 *1.151W17i 
-2.7000Wl 41.3002F17i 
-2.5000Wl +1.309ZP-l7i 
-2.WW1 -2.0037D-OIi 
-2. WSWl *2.0037Mli 
-1.5OOOW1 -1.ooOOWli 
-1.5oooWI *1,oooow1i 
-1.(oooWl -1.40OQbOli 
-l.(oooB41 tl.(oOoWli 

desired 
eigenvalues 
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F i g u r e  3. Altitude vs. Time Response f o r  a Ramp Mach No. Command 
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APPENDIX A - I 1  

AIRCRAFT - CAS LINEARIZED MODEL AND 
FTTC DESIGN USING EIGENSTRUCTURE ASSIGNMENT 

AT 1.2 MACH, 10000 ALTITUDE 

PRECEDING PAGE BLANK NOT FILMED 
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ORIGINAL PAGE IS 
OF POOR QUALITY 

-l.?P3I 1 7  
l.ODC@I~*OC 

3. !574@+03 
1.ooOOF*00 
0.00@b1~*00 
O.OW5t.0@ 
O.OboD1~cOO 
O.OMDP.00 
0. EWOD*OE 
C.ONDP*D@ 
3.59?91*42 

-5.16i711*05 

0.0000P90 
-7.1859D92 
3.5929141 
3.5923843 
0.OWODIOO 
O . O c d D D 9 0  
0.OOODDIOO 
0.0000890 

O.OOOOP90 
0.0000D90 
O.WDD*00 
0.000DIW 
0.000D6t00 

O.OOOQb90 
O.oooOP100 
O.ooOOt90 

o.o~~or+oo 

O.OODDIW 

o.oooxt+ 

PRECEDING PAGE BLANK NOT FILMED 
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F Mat r ix  (COnt'd: 

o.OOOot6o 
0.000ot903 
O.OW3D40 
0.0003E100 
O.OWOD.OO 
O.OooOL.00 
0.0000590 
0. oO00090 
O.WOD+OO 
0.W3D90 
l.WJb-@l 
O.OOOOD90 
O.O0@0D+OO 
0.0wotb0 

-3.0000D.Ql 
l.oO0OP*Oo 
1.0000D42 
0.0000G40 
0.0003DW 
O.oO03W 
0.0000090 
0.6003D100 
0.0000090 
O.QOOOG+OO 
O . O W D 9 0  
0.Qoo01.90 
o.mor+oo 
O.OOOOD+OO 
0.0000D90 
0.00000100 
0.OOOODW 

0. OOOODcOO 
0.0030D100 
0.0000E100 
0. oooot.to3 
0.000OD90 
0.0000EtoO 
0.0000D*00 
o.oO0ot+oG 
0.0000DW 
0. WOOG*03 
l.OOO?D+Ol 
0. OOOOt4OE 
0.0009DW 
o.wocb0 
0.0000D90 
0.0000DNO 
l.OOoOD42 
0. OOOODtOO 
O.#KW)MO 
0.0000ttOO 
O.WD90 
0.0000Ec00 
0.WOODW 
o.OO00t90 
0.ooOOW 
0.0000DW 
0. WODm 
O.b000D*00 
O.WOG+OQ 
O.OOWD+W 
O.OOOOD+W 

O.oO00~+00 
0. QOOODdd 
O.o000@6o 
0. OOOObdO 
O,oO00@90 
0.0000E100 
0.0000D40 
O.MKK)D*Oo 
0.WD100 
0.0003G90 
0.0000D100 
0.0000D100 
O.ooo0690 
O.oooOt*oo 
0.0000D40 
O-OOOODW 
O.OOOOD40 
O.ODOOD40 
0.00000100 
O.WOD+ 
-B.LoooD+Ol 

O.oooOD+W 
O.WD90 
o.oooobW 
3. UEOD9J 
0.0000D40 
0.0000090 
O.OWOD100 
0. 0000D100 
O.OOOOD40 
0.ooOODW 

O.WOD90 
O.WOD*OC 

O.WOD+W 
0.0000G9: 
0.0000DW 
0.WODrOO 
o.ooooD+oo 
0. DOOODIOO 
O.WD90 
0.OOOODW 
0 . o o o o ~ 0  
0.0000D90 
0.WOW 
0. WODrOO 
0.0000DW 
O.#K)OO* 
O . ~ O D + O o  
0. OOOODIOO 
0.0000D90 
0,WODIOO 
-B.IOOOD+Ol 
-5.OOOODdl 
-5.WDQI 
3.4lOD93 
0.0000DW 
0.0000DIOO 
0.0000D90 
0.WD90 
0. OOOOD+W 
0.0000)rOQ 

omorw 

1 2 2  
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F K a t r i x  (Cont'd) 
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2. G-Yat r ix  ( 3 1  x 4 ) -  
ORIGINAL PAGE IS 
OF POOR QUALITY 

0.0000D9a 
0.000OD40 
0.0000Dt00 
0.0000Dt00 
0.0000D40 
0.0000D+00 
0.006ODtOO 
0.0000D90 
0.0000DMO 
0.0000D40 
1.000091 
O.OWOD+OO 
0.0000D90 
0.0000D90 
0.0000D*00 
1.0o6OD90 
1.0000D92 
0.0000DMO 
0.0000D40 
0.0000D40 
0.0000DtOO 
O.OOOOD4o 
0.0000D40 
0. WOD40 
0.0000D40 
o.oO0oD4o 
O . O W O D + M  
0.0000D90 
0.0000D90 
O . O O O O D 4 0  
O.oooOp4o 

0.000OD+QO 
0.0000D*00 
0.0060D90 
0.0000D+OO 
@.0000P+40 
0.0000D40 
0.0000D40 
0.0000D+OO 
0.0000D+OO 
O.OOOOD9o 
0.0000D40 
0.0000D90 
0.0000D+OO 
O,0000D+OO 
OIOOOOD+OO 
0. WODW 
0.0000B90 
0.0000D+OO 
1.0000D92 
0.0000D+40 
0.0000DW 
0,0000D90 
0.0000D90 
0.0000DMO 
0.0000DMO 
0.0000DW 
0.0000DW 
0.0000D9o 
0.0000D+OO 
0.0000DW 
O.ooOOD40 
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3. H-Natr lx  ( 1 7  x 31; 

C n L w :  i IWU 6 
O.OOO@D*O@ 0.0000Et00 
1.21518-03 9.3BlOD+Oi 
O.OO3OIHOO 0.0000Dt00 
7. m3D-03 -la0WD+02 
O,OOOOD+W 0.0000D+00 
t.MOOD+W 0.0000D+00 
E. Olr00E+M 0.0000?*00 
0.00QOF00 0.0000D+00 
O.OOjOD+OO 0.0000D+00 
9.2815D-M 0.0000D+00 
0. 00ooD+00 1 I o0OoD+oo 
1. 1832E03 9.2B13D91 
O.OOoOD+W 0.0000D+00 
O,OOWD+OO 0,0000D+00 
O.oOOOD+bo -1.2929D93 
9.99540-01 -1.5381D+01 

-2.2601D-03 d.lM3D-01 

0.0000D*00 
0.0000B+00 
1.0000D90 

-5.1571D90 
0.0000D40 
0.0000D+00 
O.;MOD+OO 
0.0000D90 
0.0000D90 
0.0000D40 
0.0000D90 
0.0000DMO 
0.0000D90 
0.0000D90 
0.0000D40 
0,0060D40 
o.oO0oD+oo 

caws 7 TIW 12 
9.9565P-01 O.WOD+M 
0,00OOD+OO 0.0000D+00 
0.00OoD+OO o.OOooD+00 
o.oOoQD+oQ o.oO0oD+00 
0.00OOb00 o.o0OoD*oo 
0.000~00 0.oO00~00 
-i.o568B00 0.0000D90 
l.OOOOD+OO 0.0000D*00 
0.0000D+OO 0.0000D+00 
O.OOWD+OO 0.0000D4a 
0.00OOb00 0.0000D+00 
O,0000D+00 0.0000D+W 
O.OOOOD+OO l.WOD+W 
0.00Oob00 o.ooooD+oo 
0.0000~,#) o.ooooD+w 
0. ooooD+w 0. oO0oD+oo 
o.ooooD*00 o.ooooD+oo 

O.OOOOD+QO 
0.0000D90 
0.o0OOD90 

-5.0353wB 
0. WOD+OO 
0.o0OOD90 
0. oooow 
O.OOOOD+OO 
5.7656D-01 
O.OOOOD+OO 
o.o0ooDw 
0.0000D90 
0. OOOODIOO 
0.0000D40 
0.0000D90 
0.0000D+00 
4.7963w5 

O.OOOOD+OG 
-3.1062D-05 
0.0000DtOO 
1.0534P-03 
0.00MD90 
0.00MD90 
0.0000D90 
0.0000D90 
0.0000DtOO 
0.0000D40 
0.0000D40 

-1.261lD-06 
0.0000D90 
1.0600DW 
1.2929D43 
0.OQMD40 
8.6325D* 

0.0000DW 
-3.7795D-06 
0.80000MO 
2.9137D-06 
0,0000D90 
0. #)00D+OO 
0.0000DcOo 
0.0000D40 
O.ooOODN0 
0.00000+00 
O.OOMD+OO 
-3.7834846 
0.0000DMO 
O.#KK)DW 
O.OOOOP90 
O.oooOp*oo 
1 I l B o 5 D - 0 2  

-1.1327D+02 
0.00OObOO 
0.0000D+Oo 
0. 0000D+oo 
0.0000D+Oo 

-2.011OD+Ol 
3.0049P+Ol 
O.O000D+00 
o.ooOOD+oo 
o.OO00D+00 
0.0000B+00 
0.0000btoo 
0.0000D+OO 
O.oooOp4o 
0.0000btoo 
o.#)00D+00 
0.0000b00 
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H-Matrix ( C o n t  ' d )  

COLUHNS 13 TMU 18 
0.0000D+00 O.O00OD+OO 
O m  0000Dt00 0 0000D+00 
O.OODoD+00 O.OOOOD+OO 
O.OOMD+OO OmOOOOD+OO 
0.0000D+OO 0.0000DtM 
0.0000D+00 0.0000D+00 
0.0000D+OO O.OOOOD+OO 
0 I 0000D+00 0.0000DW 
O.OOoir3D+00 0.0000D+00 
O,OOOOD+00 0.0000D+00 
0 00OOD+00 0.0000D90 
o.o6ooD+OO 0.0000Dt00 
O m  0000Dt00 0.0000D+OO 
O.OOOOD+00 0.000OD+M 
O.OOOOD+00 0.0000D+M 
O.oOoOD+OO 0.0000D+00 
0.0000~00 O,O00OD+OO 

COLMNS 19 TlRU 24 
O.OOOOD+OO 5.6458DtOl 
O.OOOODt00 0.OOOODdO 
0.00WD+OO Om0000D+0O 
0,OOOODtOO 0.000OD+00 
0 00MD+00 OIOOOOD+OO 

0. MMD+00 3,M5D+00 
0,000,~OO OmOOOOD+OO 
0.0004D+00 0.0000DW 
0. MMb+OO 0. OOOOD+OO 
0.6000D+00 0.0000D90 
O.oooOD+OO OmOOOOD+OO 
0.OOOODtOO 0,0000D40 
O.OOOOD+OO O m  0000Dt00 
0. M00D+OO 0.0000DtOO 
O.OOOOD+OO 0.0000D+00 
O.OOOOD+OO 0 . 0000D+OO 

0.0000Dt00 -8.3936D-01 

0. OOOODdO 
0 0000D90 
0.0000D90 
0.0000D40 
O.O#OD+OO 
0.0000DMO 
O.OOOOD+OO 
0.0000D90 
0. OOOODMO 
0.0000D90 
0.0000D40 
0.000ODdO 
0.0000D40 
0.0000D90 
0.0000D90 
0.0000D+00 
0 O O O O D ~ O  

0.0000D40 
0.0000D90 
0 * 0000DMO 
0,0000D90 
0.0000D40 
0.0000DdO 
0.0000D40 
0.0000D90 
0.0000D90 
O.OOOOD90 
0.0000D90 
0.0000D90 
0,0000DW 
O m  0000D40 
0.0000D90 
o.o0Oop9o 
0.0000D40 

0.0000D+00 
0.0000D90 
0.0000DtOO 
0 I 00ooD+oo 
Om 0000D+00 
0.0000DtOO 
0,0000DtOO 
0.00MD90 
0.0000DMO 
0.0000D40 
0.0000D40 
OI0000D+0O 
O.OQMD40 
0.0000D90 
0.0000D40 
0.0000DNO 
0,0000D90 

O.00OODdO 
0*0000D+OO 
0.0000D+OO 
0.0000D90 
OmOOOOD+QO 
0.0000D90 
0.00OOD90 
0,0000D40 
0.0000DM 
0.0000D40 
0.0000D~O 
0.00OOD90 
0.0000D+OO 
0.0000D96 
0.00MDtOO 
O.oooOp9o 
0.0000DW 

O.oooOlboO 
9.5783D+00 
O.oooOD+oO 
-4.5153D+Ol 
0. ooooD+oo 
0. ooooD+oo 
o m  ooO0D+oo 
0 m 00oOlbOo 
0.0000~00 
0 I oOO0DtoQ 
O . o 6 o o ~ O O  
9.584moo 
0 m 0000DtOo 
O i  o o 0 0 ~  
o.ooo6D+oO 
O . o o 0 0 ~  

-1.6616Wl 
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H-Vat r i  y. ( C o n t  ' d )  

caws a T ~ R U  30 
0. MMD+M 0.0000D+00 
O.OOOOIkO0 0.0000D+00 
0,0000Dt00 0.0000D+00 
0. MMD+M O.OMOD+M 
0,0000~00 0.0000D+00 
O.OOOOD+OO O.OOOOD+OO 
0. OOMDtbo 0.0000D40 
0, oOOOD+OO 0,0000D90 
O.OGOOD+OO 0.0000D+00 
O.~MD+M o.ooooD+oo 
O.OOMD+OO 0.0000D+00 
O . O O O O ~ , o O  0.0000D+a) 
0.0000~00 0.0000DtOC) 
0.0000tHOO 0.0000D90 
0. OOOObDo 0.0000D+00 
0. oOoOD+oO OIOOOOD+OO 
0. DbobD+Db 0.0000D40 

Oo0M0D40 
0 0000D90 
0.0000DMO 
0.0000D40 
0 0000D90 
0.0000D90 
o m  0000F40 
0 0000DMO 
0,0000D40 
0.0000D40 
0.0000D90 
0.0000D90 
0.0000D40 
0.0000D90 
0.0000t90 
O . ~ O D t # O  
0.0000D40 
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where 

z a r e  p e r t u r b e d  v a l u e s  of 

[I$ p h 6 a x  M IM I h I T  

a n d  

u = r 6 T  deap &aap  6YapJ T 

cawis i TMU 6 
-2.6554D-02 -6.7021D-O2 -I.W9D+2 -1 . 1488Dto2 -1 . 0926Dt02 -1 . 353W 
1.3259b.01 4.19060-01 5.9632D42 2.9394D42 -6.c194~00 -4,9372p41 

<.667DtOO -5,1092D41 3.7164D-12 1.7632w8 -7,08120-12 6.1661D-10 
2,6041D-01 -2.3116DtOQ 4.-13 1.9321D-09 -4.52920-13 7.291lD-11 

COLMItS 7TH?U 8 
-II 3895DtO2 -2.7503D-03 
-7,9314D+M 5 .896343  
-1,839OD-11 3.6752D-I3 
-1.0162D-12 4. 13llP-14 
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Closed-locp e i g e n v i l  ges: 

ORIGINAL PAGE IS 
OF POOR QUA&Xm 
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APPENDIX A-I11 

AIRCRAFT - CAS LINEARIZED AND 
FTTC DESIGN USING EIGENSTRUCTURE ASSIGNMEKT 

AT 0.7 MACH, 10000 ALTITUDE 

133 



ORIGINAL PAGE IS 
OF POOR QUALITY; 
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2 .  G-Hatrix ( 3 1  x 4) 
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3 .  H-Katrix ( 1 7  x 3 1 )  

COLM 1 THRU 6 
-3.4792D-09 9.09490- 10 
2.9388P-03 3.1117D*01 
0.0000D+00 O . o o 0 0 ~  
7.6271B-04 -6.6234DtOO 
O . ~ D + O o  0.ooOom 
3.5246P-11 6.368309 
-1.3023D-10 -4.9207D-M 
0.ooo6~00 o.ooooD+oo 
o.mD+OO 0.ooOow 
9.28150-04 O.oooOD+M 
o.ooooD+oo 1.ooCK)P90 
2.93090-03 3.104zP41 
o.ooooD+oo 0.ooOoM 
O . ~ D + M  O.oooOP90 
O.oooOb+oO -7.5418D92 
9.w3p-01 -2.5208D+ol 
-2.679J0-01 1.729W 
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H-Rat r i  x (Con t '  d 1 
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Controller D e s l p  
----I--- - 

U - C a i n * z  

where 

z a r e  perturbed v a l u e s  of 

I$ p h 6 ax  M IM IhlT 
and 

u = C6T &eap 6aap 6Yap]  T 

QLuQls 1TlRU c 
-1.4777kQ2 -7.J69cbo2 3.2850D-02 -1.7141bOl -1.mP92 -1.- 

-2.5437DW -1.2955Wl 2.92Sb11 4.3619D-11 7.2545WB S . # M  
1.4103w1 fl.3187W2 4.M33-12 2.9327Fi1 5.38108-M -7.4-7 

cuuws 7TlRU 8 
-1.31w2 -7.2697D-03 
-2.4791b,OO 1.0732W3 
-1.37Q2V-06 3.7197M2 
- 2 . M  -1.14b3H3 

i.imm2 3.2934~ i.oi!m-02 3 . ~ i ~ i w  - 2 , 0 4 4 ~  -i,wiwi 
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Closed-103; e igenvalues  -- 
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APPENDIX A- IV 

DESIRED EIGENVALUES AND EIGENVECTORS 
USED IN THE SYNTHESIS 
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-2 . oooOD-01 t2. ooOOD-01 i 
-2.oooOW1 -2.ooOOD-Oli 
-1.5oooD-01 +1.oooOD-O1i 
-1.5oOoD-Vl -1 . ooOOD-01 i 
-l.coo(IWi tl,IOOOD-O1i 
-2.WWl +O.Wb4oi 
-1.WW1 -1.4OOOWf i 
-2.HKK)Wl +O.OOOO~i 

99. 99. 99. 99. 
99. 99. 99. 99. 
99. 99. 99. 99. 
99. 99, 99. 99. 
99. 99. 99. 49. 
39. 99. 99. 99. 
99. 99. 99. 99. 
99. 99, 99. 99. 

DESIRED E1 GENVECTORS : 

S t a t e s  

P h h  C 

0. 0. 0. 0. 
0. 0. 99. 99. 
0. 0. 99. 99. 
0. 0. 0. 1. 
0. 0. 0. 0. 

99. 1. 0. 99. 
0. 0. 0. 0. 
I. 99. 99. 99. 
0. 0. 1. 99. 
0. 0. 0. 0. 

99. 99, 99. 39. 
99. 99. 99. 99. 
99. 99. 99. 99. 
39. 1. 39. 99. 
99. 99. 99. 99. 
99. 99. 99. 99. 
39. 99. 99. 99. 
39. 99. 99. 99. 
99. 99. 99. 99. 
89. 99, 99. 990 
39. 99, 99. 99. 
99. 99. 99. 99. 
99. 99. 99. 99. 
99. 99. 99. 99. 
99. 99. 99. 99. 
59. 99. 99. 39. 
99. 99. 99. 99. 
99. 99. 99. 99. 
B9.0 99. 99. 99. 
99. 99. 99. 99. 
99. 99. 99. 99. 
89. 39. 0. 0. 
w. 99. 99. 99. 

99. 99. 99. 99. 
99. 99. 99. 99. 
99. 99, 99. 99. 
99. 99. 99. 99. 
99. 99. 99. 93. 
99. 39. 39. 89. 
99. 99. 99. 99. 
99. 99. 99. 99. 
99. 99. 99. 99. 
99. 99. 99. 99. 
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Thc. t hf,or.y of p r e l  i n c a r  1: i nF, t r a n s f  o r m t  j o r ~ ~  f o r  a c l a s s  of nonl inear  

f e c d t a c . k  systerr, des1 En has a l r e a 3 y  achleved m a t u r i t y .  P f o n c e r l n g  work o n  

t hese  t ransforma? ions  for  f l  i g t ~ t  cont ro l  problems was c a r r i e d  out  a t  N A S A  

Ames research  c e n t e r  by G .  Meyer  and o t h e r s  [ 1 - 1 & ] .  

a r e  c u r r e n t l y  a v c i l a b l e ,  t h e y  deal  w i t h  l a r g e  dimension problems and ccnse- 
ouently d o  not con ta in  s u f f i c i e n t  d e t a i l  t o  Serve as  i n t roduc to ry  example. 

Though seve ra l  papers 

T h e  ob:ective of t h i s  t echn ica l  m m n 3  i s  t o  i l l u s t r a t e  t h e  a p p l i c s t i o n  

of t hese  t r ans fo rma t ions  w i t h  a s i m p l e  b u t  r e a l i s t i c  exanrple. The theory is 
excluded cornpletely from the d i scuss ions  s ince  t h e  t r ans fo rma t ion  schexe f o r  

t h i s  example t u r n s  ou t  t o  be d i r e c t .  The  performance of t h e  exac t  nonl inear  
controller i s  c o ~ p a r e d  w i t h  a ga in  scheduled l i n e a r  p e r t u r b a t i o n  c o n t r o l l e r  

t o  b r i n g  out t h e  advantages of the former i n  c l e a r  d e t a i l .  

Consider a two s t a t e  v a r i a b l e  model of a t r a n s p o r t  a i r c r a f t  l anding  i 3  

t h e  presence of winds as  fo l lows  

i~ - tanY ( 2 )  

here, V is a i r s p e e d ,  h a l t i t u d e ,  T maximum t h r u s t ,  D aerodynamic drag ,  

Y f l i g h t - p a t h  a n g l e ,  and n 1s t h e  t h r o t t l e  s e t t i n g .  

v a r i a b l e s  i n  t h i s  model and down r ange  1s t h e  independent va r i ab le .  

hypothe t ica l  t h r u s t  and drag c h a r a c t e r i s t l c s  a r e  assumed as 

Y a n d  n are t h e  con t ro l  

Now, a 

T - To(V + V w )  
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- Vw(ll), V u  is  the w i n d  speed s p e c i f l e d  along f l l g h t  path. 
v K  

and 

Note t h a t  t h c  engine model i s  grossly i nco r rec t  a t  low s p e e d s .  

I t  i s  r equ i r ed  t h a t  the  a i r c r a f t  folloir  a given t r a j e c t o r y  V , ( t ) ,  

h R ( t ) .  

S ince  t h e r e  a r e  two s t a t e  va r i ab le s  a n d  two con t ro l  va r i ab le s  i n  t h i s  

problem, cons ider  a t ransformat ion  of t h e  form 

x 1 = V , x 2 - h  

nT-D 
mVcosY V 

- tanY 2 u, = ---- - 4 t anv;  u 

such t h a t  t h e  transformed systen! i s  t h e  form 

i ,  - u, 

2 x - u  2 

(3 1 

(4 1 

T h i s  model is i n  Brunovsky's canonical form according t o  Meyer [ l o ] .  

I f  t h e  number c o n t r o l s  a r e  l e s s  than  t h e  number of s t a t e s ,  a s i m p l e  t r a n s -  

formation such a s  the  one given above is no longer  poss ib l e .  A t r a n s f o r -  

mation i s  s t i l l  f e a s i b l e  under c e r t a i n  weak cond i t ions  b u t  w i l l  involve  

addl t iona l  a lgebra .  

To cons ider  t h e  r e g u l a t o r  problem f i r s t ,  a c o n t r o l l e r  of the  form 
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can be d e s i g n e d  for  t h e  system ( 3 ) ,  (4) using any of the available techni- 

ques for- llnear System d e s i g n .  Kale, houever t h a t  t h e  d e s i g n e d  controller 

s h o u l d  s a t i s f y  physical constraij i ts  on u a n d  u 
2 '  1 

Real c c ? n t r o l s  can then be computed as 

r 

v 

n Rircraf t  h 

- 1  Y + Nonlinear 
zzh) t a n  (k2,\' + k 

Expressims ( 5 )  and ( 5 )  g i v e  t h e  nonlinear regulator for t h e  a i r c r a f t  

prsLleTj. 4 b l ~ t ~ :  diagram of t h e  p l a n t  w i t h  r e p u l a t o r  i s  g i v e n  i n  Fig. 1 .  

M o d e l  lkl,T + k l Z h  + f t a n y ]  . 
, 

~~ 

Figure 1 .  Nonlinear Regulator w i t h  Aircraft 

The tracking problem is addressed next. Define t h e  new s t a t e  
varl ab1 es 

x - V'VR 
Y - h-$ 
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where 

u s i n g  t h e  transformations 

x - x ,  x 2  - y 
1 

nT-D u - -- - 4 tany-C1 1 mVcosY V 

2 u - tanY-C 2 

one has the following 

. 
x - u  1 1  

. 
x2- u2 (8) 

which i s  i n  the Brunovsky's canonical form. 

As before, a feedback regulator can be synthesized for ( 7 1 ,  ( 8 )  as 
shown below u s i n g  l inear  design approaches. 

This controller can be transformed t o  original coordinates t o  give: 



Expressions ( 9 )  and (10 )  g i v e  t h e  nonlinear  c o n t r o l l e r  f o r  t r a c k i n c  t h t .  

commands VR(t) and h A ( t ) .  

~ 7 2 ;  feedbacks can be incorpora ted  w i t h  very l i t t l e  d i f f i c u l t y .  

I f  a t i g h t e r  con t ro l  1s des i r ed ,  a d d i t i o n a l  in:e- 

To eva lua te  t h e  nonl inear  c o n t r o l l e r  ( 9 )  and ( l o ) ,  a feedback ga in  

matrix was computed f i r s t  using l i n e a r  quadra t i c  r e g u l a t o r  t heo ry  wi th  the  

fo l lowing  s t a t e  and c o n t r o l  weig3ting mat r ices .  

1 o e  
5000 

xx  

These computations were c a r r i e d  out wi th  t h e  hypo the t i ca l  d a t a  

- TO 0.04025, - DO = 0.0136238 X 10 -2 m m 

To se rve  as a s t anda rd  for comparison, a ga in  s c h e d u l e d  l i n e a r  per tur -  

ba t ion  c o n t r o l l e r  was designed w i t h  t h e  same da ta .  

were used which  a r e  given I n  Table 1 .  

Four design cond i t ions  

TABLE 1 .  LINEARIZATION POINTS FOR THE ILLUSTRATIVE 
EXAMPLE 

. . I I I 

10000 350 -0.04667 -0.0004 67 
150000 3000 280 -0.06 -0.00 1 6 
200000 0.0 200 0.0 -0.02 
205000 0.0 60 0.0 0.0 
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Note t h a t  t h e  l i n e a r i z a t i o n  p o i n t s  were o n  the  commanded t r a j e c t o r y .  
T w o  sinulattons a r e  n e x t  setup. T h e  f i r s t  o n e  implemen t ing  t h e  non- 

l i n e a r  c o n t r o l l e r  (9) a n d  (10 )  a n d  ttrc s e c o n d  one u s i n g  thc g a i n  s c h e d u l e d  

l i n e a r  p e r t u r b a t i o n  c o n t r o l l e r .  A d i s t u r b a n c e  i n  t h e  form a wind s h e a r  was 

i n t r o d u c e d  in t h e  s i m u l a t i o n s  f o r  a d d i  t f o n a l  r ea l  i s m ,  ( f i g .  2 ) .  

F i g u r e s  2-4  g i v e  t h e  r e s u l t s .  Note t h a t  t h e  n o n l i n e a r  c o n t r o l l e r  h a s  

a s l i g h t l y  s u p e r i o r  t r a c k i n g  p e r f o r m a n c e .  The r ea l  a d v a n t a g e  of u s i n g  t h i s  

c o n t r o l l e r ,  however ,  is t h a t  i t  p e r f o r m s  we13 u s i n g  o n e  s e t  of g a i n s  
t h r o u g h o u t  t h e  o p e r a t i n g  r e g i o n  w h i l e  t h e  1 i n e a r  p e r t u r b a t i o n  c o n t r o l l e r  
r e q u i r e s  a gain s c h e d u l e  t o  a c h i e v e  a c o m p a r a b l e  p e r f o r m a n c e .  

CONCLUSIONS 

& s i n g l e  i l l u s t r a t i v e  example  was d i s c u s s e d  i n  t h i s  t e c h n i c a l  memo t o  
d e m o n s t r a t e  t h e  power of t h e  p r e l f n e a r i z a t i o n  t r a n s f o r m a t i o n s  i n  
s y n t h e s i z i n g  exact  n o n l i n e a r  c o n t r o l l e r s .  Compar i sons  were made a g a i n s t  a 
g a i n  s c h e d u l e d  l i n e a r  p e r t u r b a t i o n  c o n t r o l l e r s  t o  show r e l a t i v e  a d v a n t a g e s .  
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0 1 2 3 4 5 6 I 8 9 t Q  
wIHDSPEED(n/S) 

Figure 2. h’ind Shear U s e d  i n  S imula t ions  
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Figure 3. Comparison of t h e  Performance of Linear  and Nonlinear Con- 

t r o l l e r s :  Al t i tude  vs. Range 
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F i g u r e  4. Comparison of the Performance of Linear and Nonlinear 
C o n t r o l l e r s  I n  t h e  V i c i n i t y  of Touchdown: A l t i t u d e  vs.  Range 

A : Nonlinear Con t ro l l e r  

B: Linear  P e r t u r b a t l o p  Cont ro l le r  
C: Commanded Tra j ec to ry  
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Figure 5. Comparison of the Performance of Linear and Nonlinear Con- 
t r o l l e r s :  Airspeed vs. Range 

A : Nonlinear Controller 
9: Commanded Trajectory 
C: Linear Per turbat ion Controller 
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L I N Z R K  TIME V A R Y I N G  S I W L A T I O N  I N  SYSTEK B U I L D  

L i n e a r  time v a r y i n g  s i m u l a t i o n  can be b u i l t  a round  a F o r t r a n  b lock  

e v a l u a t i n g  t h e  matrix e q u a t i o n  

y = A ( t ) X  + B ( t ) U  ( D .  1 )  

where 

p a t i b l e  d i m e n s i o n s .  To use t h i s  F o r t r a n  b l o c k ,  t h e  A and B m a t r i x  
e l e n e n t s  must be a r r a n g e d  i n  t h o  f o l l o w i n g  t a b u l a r  form and t r a n s f e r r e d  t o  
R : a t r i x  Stack. 

y E E', X t Pn ,  U E lKm. A and B are time v a r y i n g  m a t r i c e s  of com- 

X 

Ann B t t  B~~ Bnl 0 . .  

Ann B t ~  *21 Bnl . * *  Brim 
to A l l  A 2 1  ... A n t  A 1 2  A Z 2 . . . A n 2 . . .  

Az2 .  . A n 2 . .  . . 
t2 A , 1  A21 ... Aril A 1 2  A z 2 . . A n 2  .... Ann ( 3 . 2 )  

. .  

. .  

T a b l e  = 

t 

i n d e p e n d e n t  
var i ab1 e 

To b u i l d  i n  t h e  F o r t r a n  block, two d i s t i n c t  s t e p s  are n e c e s s a r y .  The f irst  

one  c o n s i s t s  of b u i l d i n g  a dummy s u p e r b l o c k  w i t h  t h e  name TABLE(N) ,  where N 
c o u l d  be a n y  number from 0 t o  9. The Table D.2 is b u i l t  as a l i n e a r  
i n t e r p o l a t i o n  t a b l e  block i n  t h i s  s u p e r b l o c k ,  s a y  a t  r e l a t i v e  l o c a t i o n  M .  

Next, t h e  s u p e r b l o c k ( s )  i n c l u d i n g  t h e  time v a r y i n g  F o r t r a n  b l o c k  may 
be b u i l t  w i t h  t h e  f o l l o w i n g  r e s p o n s e s  for t h e  q u e r i e s  
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Dimension of RP & I P :  0 , 2  ( n o  r e a l  parameters, two r e a l  parameters) 

e n t e r  I P  : N,M (Dummy s u p e r b l o c k  T a b l e  number,  r e l a t i v e  
1 o c a t  i o n  1 

N o t e  t h a t  t o  c o m p l e t e  t h e  time v a r y i n g  s i m u l a t i o n ,  one has t o  d e f i n e  

an i n d e p e n d e n t  s t r i n g  of  JL i n t e g r a t o r s .  

t h e  time v a r y i n g  l i n e a r  s y s t e m  w i t h  t h i s  FORTRAN block is g i v e n  i n  F i g u r e  

D . l .  

A s c h e m a t i c  f l o w  c h a r t  f o r  b u i l d i n g  

The SYSTEM B U I L D T M  b lock  diagram f o r  l inear  time v a r y i n g  s i m u l a t i o n  - 
f o r  t h e  a i r c r a f t  example d i s c u s s e d  i n  t h i s  Appendix is g i v e n  i n  F i g u r e  D .  1 .  

The f i r s t  b l o c k  i n  t h i s  diagram computes t h e  d e r i v a t i v e s  of t h e  s t a t e s  u s i n g  

t h e  F o r t r a n  b lock .  These  a r e  t h e n  i n t e g r a t e d  i n  block 2. B lock  3 
e s s e n t i a l l y  r o u t e s  v a r i o u s  i n p u t s  and o u t p u t s .  
g e n e r a t e d  i n  Block 4 w h i l e  t h e  wind i s  g e n e r a t e d  i n  Block 5. 
ments  t h e  time v a r y i n g  g a i n s  or g a i n  s c h e d u l e s ,  a g a i n  u s i n g  t h e  F o r t r a n  
b l o c k .  

The r e f e r e n c e  t r a j e c t o r y  is  
Block 6 imple-  

196 



nui i  u OUMYY surCR 
BLOCK l A B l C  hi 

N: Any nurirbrl from 
0 t o  9 

M: Any number from 
1 t o 6  

Figure D . l .  Flow Chart f o r  Building Linear T i m e  Varying Simulation on 

S YSTE M-B U I L D  
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T h i s  a p p e n d i x  g i v e s  t h e  pe r fo rmance  i n d e x  s p e c i f i c a t i o n  f o r  t h e  

c o n t r o l  l a w s  d e s i g n e d  a t  e a c h  f l i g h t  c o n d i t i o n .  T o g e t h e r  w i t h  t h e  a l g o r i t h ~  

d e s c r i p t i o n  of s e c t i o n  4.2.2,  these  pe r fo rmance  i n d e c e s  c o m p l e t e l y  s p e c i f y  
how t h e  30 sets of o u t p u t  g a i n s  can  be r e p r o d u c e d .  

LQR Per fo rmance  I n d e x  

1 1 1 1 1 
(0.001)2’ (0.001)2’ (0.001)‘’ (0.005)” (0.005)2’ 

1 1 
(0.005) 

T S t a t e  w e i g h t i n g  m a t r i x ,  Rxx = k H A H, 
Y 

here: k Is a scalar  p r o v i d i n g  r e l a t i v e  s t a t e - c o n t r o l  w e i g h t s  

H is t h e  s y s t e m  o u t p u t  matrix 

The c o n t r o l  w e i g h t i n g  m a t r i x  R U U  - diag’(B) 

T a b l e  D-1 lists t h e  s c a l a r  w e i g h t  k and t h e  s t a t e  w e i g h t i n g  v e c t o r  3 a s  a 

f u n c t i o n  of t h e  d e s i g n  f l i g h t  c o n d i t i o n .  
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3 u t p c : t  Feedback Gains 

T h e  o u t p u t  feedback Control ler  h a s  the form 

u = c y  

where 

F l i g h t  condition: h = l O k  f t ,  M=0.8, n = l  

( a )  T h r o t t l e  f r e e  

C O W S  1 a p l U  6 
6.149lD-04 1.9996D.03 1.2553D.01 3 9128B03 3.00250-02 7 Dll2Z-32 
-2 i757D-C2 9.3094D*OO -4.8115D*01 -3.8i09D.01 -5.85761)-01 -3.CSi;3-:1 
-8 57OOD-05 2.7476D-02 -2.5024D-01 -1.2745D-01 5.8288D*01 -9.71;2D*01 
-3.4216D-06 1.3714D-03 -9.53021)-03 -5.2506D-03 6.1841D-01 3.3190D*00 

COLUMJS 7mu 12 
-3.SOO7D-02 2.7833D.00 -6.4362D-03 -5.8824D*03 1.8OMD-02 3.615OE-03 
- 3  7222D-01 -2.%67D*O1 1.6186D-01 -6 4055D*01 -3.1782D-01 -5.41632-02 
2 3275Dl01 -1.54441)-01 2.3048D*01 -2.447513-01 3.2259D-01 5.48723*00 
8 139lD-01 -7.54311)-03 -4.3978POC -1 03751)-02 3.7226D-01 6.35633-02 

(b) F i x e d  t h r o t t l e  

COLWS 1 m u  6 
0. O O O O B O O  0.0000D*00 0. O O O O l k o O  
-6.983lD-01 -1.7886D104 -9.432001 
-1.9239D-03 -4.9332D*Ol -2.6985D-01 
-1.5775D-05 -4.0470-01 -2.27710-03 

COLrnS 7 m u  12 
O.OOOOD*OO 0.0000D*00 O.OOOOD*OO 

-1.58571)-01 -2.0762Dl01 2.0846D-01 
2.3276D-01 -1.2968D-01 2.3048D*01 
8.1388D-01 -9.42690-04 -4.3978D.00 

O.OOOOD*OO 0 . O O O O I ) r O O  0 O O O O B O c  
-2.5680D*02 -1.9276D-01 -2.7120D-01 
-6.97291)-01 5.8289D.01 -9.7113DOl 
-5.6ssa-03 6.1835~-01 3.31eg~+oo 

0.0000D*00 0.0000D+00 O.OOOOD*OO 

O.OOOOD*OO 3.2260D*01 5.4873D*OC 
0.0000D*00 -9.4988D-02 -1.5752D-02 

0.0000D*00 3.72233)-01 6.35551)-02 
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F l i g h t  C o n d i t i o n :  h=l  Ok f t ,  M~0.8, n = 2  

( a )  T h r o t t l e  f r ee  

COLUHNS 1 m U  6 
2.9627D-02 8.1168D*02 -2.8592D-02 -7.8192D-01 -1.3855D-01 -3.8065D-01 
-8.293913-02 -1.7109D*O3 -4.3457D*Ol -4.2727D.01 -3.0855D400 -5.8524D-01 
-6.9160D-03 -3.0315D*02 5.3834D*OO 3.8716D*01 4.1267D.01 -4.6182D*01 
-3.5156D-04 -6.7290D.01 3.0272D.00 1.6798D+01 -9.90491)-01 1.2926D*01 

CDLUHNS 7 m u  12 
-8.1273D-03 -3.1193D-01 6.5570D-02 7.7035D*01 -2.8132D-01 -8.7290D-02 
-1.623lD*OO -1.0912D*01 -2.1829D*OO -1.9868D*02 -6.1947D-01 -5.4515D-01 
1.7513D+01 1.8824D*OO -3.169OD*OO -4.6712D.01 2.4901D*01 4.0680D+00 
-1.574713-01 7.686lD-02 -3.23%*00 -1.4266D.01 7.702lD-01 -7.0858D-03 

( b )  F i x e d  t h r o t t l e  

C O L W S  1 m U  6 
0 0000D+00 0.0000D*00 0.00003*00 0.0000D*00 0.000:5.00 O.OO! l : - - :C  
.9.4567D-O1 -2.2554.04 -1.754lD*02 -3.7794D*02 8.7822D*01 -1.3809:~*32 
5.4520D-02 -1.5096D*03 3.5769D.00 2.0487D.01 1.727OD*O2 -6.21752-01 
-1.86921)-02 -5.2788D*02 2.5422D*00 5.5214D*OO 6.655713*00 5.6499D*00 

CoLUmS 7 m u  12 
O.OOOOD*OO O.OOOOD*OO O.OOOOD*OO Q.O000D*00 0.0000D*00 0.0000D*00 
4.099lD*01 -1.2821D.02 9 6703D*01 -i.l918D*03 3.4846D*Ol 6.09219-V'C 
8.3971D*01 1.74OlD*OO -1.994lD*OO -1.5238D*02 9.819OD*Ol 1.6852D*C1 
3.9233DlOO -3.6830D*00 2.7026D*00 -5.4415D*01 4.5116D*00 7.3470D-01 

F l i g h t  C o n d i t i o n :  h - lOk  f t ,  Mc0.8, n=4 

( a )  T h r o t i  l e  f r e e  

COLUMNS 1 T H R U  6 
2.2794D-03 7.1210D*01 4.024lD-01 -1.1510D*00 -6.12763-02 -2.4384D-5: 
-4.3918D-02 -9.4806D*02 -4.5341D*01 -8.3475D*00 -1.6230D.01 1.4902D*01 
-3.3214D-04 -2.5846D.02 2.8570D*00 5.71100*01 3.9784DlOl -4.6713D*01 
2.0198D-03 -6.12650*01 1.0238Dl00 2.2273D+01 -2.9065D*00 1.5259D*01 

alLUMNS 7 m u  12 
9.7857D-03 -8.7439D-02 1.9166D-02 1 . 8 0 5 4 D * O l  -3.3040D-01 -1.2460D-01 
-1.7379D-01 -7.5154D*OC -1.8527D*OO -2. 8085D*02 7.6036D*00 6.2348D-Ci 
1.6825D.01 2.3431D*00 -3.2140D*00 -7.6799D*01 2.9976D.01 5 1762D-t3 
-6.32W-Cl 2.4454-01 -3.4999D*00 -2.0067D*01 2.1%7D*OO 2.4978D-01 

! b )  F i x e d  t h r o t t l e  

- 
O.CjOOD*OO 0 0OOOD;OO 0.0000D*00 0.0000D*00 O.OOOOD*OO O.OOCCD*'E 
-2.4868D-01 -4.5480D*03 -1.9039D.02 -1.8448D*02 5.2790D.01 -3.5337D. P i  
-1.3103D-02 -2.0613D102 1.2893D*00 1.7878D*01 2.6314D102 -6.6656D*01 
1.9612D-03 -3.6559D*01 1.6883D-01 1.4!573D*Ol 2.4480D*00 8.1336D*00 

COLUI4aS 7 m u  12 
0.0000D*00 0.0000D*00 0.0000D*00 0.0000D+00 0.0000D*00 0.0000D*00 
2.7615D.01 -1.6666D*02 4.0532D*01 -3.3112D*03 2.1815D*01 3.1686D*OD 
1.3028D*02 4.3779Di00 -2.2701BOO - 5 . 5 9 5 7 P 0 1  1.513lD*02 2.6108D*01 
8.oam-01 -6.898m-01 - 2 . 3 o ~ i - - ; -  -1 2346Z-C1 ~ . O W ~ D + O O  4.9332D-01 
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TPc. t , t le  f r ee  

C3L'JEs:S 1 TFX' 6 
-3.0028D-02 1.4232D.03 -1.4150D+02 1.2419D.04 1.56563-01 2.5076D-01 
-2.4707D-02 3.9892D.00 -1.31923+02 2.1845D*01 -2.2288D-01 -3.9225D-01 
-6.2268D-05 1.0190D-02 -2.5252D-01 6.65990-02 5.6690D.01 -1.0369D.02 
-1.5270D-06 3.3189D-04 -6.0395D-03 1.8372D-03 1.0355D*00 3.7093D+OO 

WLUMNS 7 m u  12 
-3.1757D-02 -9.4699D.00 -2.8527D-02 -1.748D*04 E.6553D-02 1.61531)-02 
-1 9513D-01 -2.3818D.01 2.94303-01 -3.8270D102 -1.2200D-01 -2.0972D-C2 
2.29W*01 -1.3557D-01 2.5598D.01 -4.61939-01 3.13683-Ci 5.33233-OC 
1.0205D*OO -4.098lD-03 -4.4825D*OO -1.2099D-02 6.07509-01 1.03343-01 

F i x e d  t h r o t t l e  

COLWS 1 P I R U  6 
O.OOOOD*OO 0.0000D*00 O.OOOOD+OO 0.0000D*00 0.0000D*00 0.0000D*OO 
-1.4623D-01 -3.0862D*03 -1.3772D.02 -2.5.546D.02 -2.3182D-01 -3.566l.D-01 
-3.4606D-04 -7.3324D*OO -3.2365D-01 -5.9666D-01 5.6691D.01 -1.0369D.02 
-8.5753D-06 -1.8118D-01 -7.6613D-03 -1.4886D-02 1.0355D*00 3.70933-20 

COLLMNS 7 m u  12 
0.0000D*00 0.000OD+00 0.0000D*00 0.0000D*00 0.00OOD*00 O.OODDD-:3 
- 1  8996D-01 -2.1146Dl01 2.7138D-Cl 0.00001?*00 -1 le43D-01 -2.005@'-'7 

1.0205D*00 -4.2346D-03 -4.4824D.00 0.0000D*CC 1.033S :I 
2 29853*31 -1 49903-t1 2.5599D*C1 O.OOOOD-L? l t ; s : i  5.3334 

F l i g h t  C o n d i t i o n :  h=20k  f t ,  M-1 . O ,  n-2 

( a )  T v o t t l e  f r e e  

COLUMNS 1 m U  6 
6.9042D-03 1.9549Dl.02 1.5-00 -8.5917D-01 1.1123D-01 -4.6072D-01 
-8.0054D-02 -1.6813D*03 -9.5674DlOl -3.7453D.01 -1.7710D+Ol 1.18870+01 
-3.1811D-03 -1.9103D.02 7.1812D*00 4.0158D*01 4.1578D.01 -4.8085D*01 
7.35801)-04 -2.9358D*01 3.8067D+OO 1.8625D*01 -1.0029D*OO 1.2088D*01 

COLWS 7 m u  12 
1.1787D-01 -3.21789-02 1.324l.D-01 1.8588D*01 -1.58421)-01 -5.7223D-02 
-1.2003D.01 -1.7947D.01 -8.0714D+OO -2.128lD*02 -7.5076D+OO -1.4183D+OO 
1.78%1)+01 1.8398D*00 -2.705DOO -3.4723D.01 1.488J8D+OL 4.0935D*OO 
8.7576D-03 -2.7686D-02 -3.0579D+OO -1.08971\*01 9.1879D-01 -1.19768-02 

( b )  F i x e d  t h r o t t l e  

0 . 0 0 0 0 ~ 0 0  O.OOOOD+OO O.OOOOD+OO 0.000OD+00 0.0000D*00 O.OOOOD+GJ 
-2.582lD-01 -5.1355D*03 -1.8856D+02 -2.4846D.02 2.3176D.01 -5.6307D+01 
-3.338l.D-03 -1.8932D+02 8.863JD+OO 3.0696D*01 2.0976D~02 -5.8322D+OL 
-1.4984D-03 -9.34ll.D+01 1.1209D*00 1.3272D+01 2.8245DOO 7.2OXD+OO 

m u m s  7 m u  12 
O.OOOOD+OO C.OOOOD*OO O.OOOUD+OO O.OOOQD+OO O.OOOOD*OO 0.0000D*OC 
9.7017D*OO -1.1540D+02 2.16208+01 -5.6373D.02 6.8088D*00 l.OllSD*OC 
l.O345D*02 7.8005D*OO -3.3573D.00 -2.3474D*01 1.1937D+O2 2.0505D+O: 
1.2950D*00 -1.1666DlOO -2.2116D*00 -1.418I.D*01 2.4988DOO 3.6095D-01 
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Flight C o n d i t i o n :  h - 2Ok f t ,  M ~ 1 . 0 ,  n-4 

( 2 1  Thro t t l e  f r e e  

COLUMNS 1 p l R U  6 
-2.9947D-05 3.6599D.00 5.5165D-01 -4.3026D-01 1.0464[)-01 -1.4545D-01 
-2.4350D-02 -1.6104D*02 -9.3784D.01 -5.3770D3*01 9.3674D.00 -2.0784D+01 
8.94910-03 -5.3990D*01 5.8315D*00 6.7524D*01 3.8510D*01 -4.818l.D*01 
4.1491.D-03 -1.8%7D*Ol 5.99420-01 2.959l.D*01 -3.6880D.00 1.6136D*01 

COLUMNS 7 m u  12 
1.7035D-02 1.0704D-01 1.92260-02 1.4165D*00 -3.894lD-02 -1.76253)-02 
3.7699D-01 -2.8745D*01 1.1755D+00 -9.7631D.01 4.2783D-01 2.9496D-01 
1.654lD*01 1.7075D*00 -3.4304D.00 -2.9706D*01 2.9120D*Ol 5.0757D+OO 
-1.9703D*00 -3.2254D-01 -4.4090D*00 -1.1588D-01 9.59021)-01 1.5582D-01 

I ~ J )  F i x e d  t h r o t t l e  

0.0000D*00 0.0000DiOt 0.0000D*00 0.0000D-00 0.000OD*00 0.0000D+00 
-6.0133D-02 -4.3196D.02 -1 .%52D*02 -1.3945D.02 1.104l.D*01 -4.5528b01 
1.3187D-03 9.5875D+00 1.5789D.01 3.1355D*01 2.5958B02 -6.5193D*Ol 
3.57961)-03 -4.969l.D-01 1.9333D.00 1.9762D.01 3.1445D-01 7.3005D+OO 

COLUMNS 7 m u  1 2  
0.0000D*00 0.OOOOD;OO O.OOOOD*OO 0.0000D*00 
3.4082D*00 -1.4477D.02 3.1317D+OO -2.7722D102 
1.2898D.02 1.7756D.01 -3.4610D*00 9.5732D+OO 

- 4  7916D-01 2.1208D*OC -4.1433?+@0 -1 0696!)*@0 

gr.t condition: h = 30k f t ,  M - t  . 2 ,  n-! 

T h r o t t l e  f r e e  

COLLMNS 1mU 6 
-4.60881)-02 1.6086D*03 -4.0862D*01 7.7420D.03 
-5.7504D-02 -2.448lD*Ol -1.9418D102 5.1413D*01 
-4.0537D-05 1.75688-02 -2.0662D-01 1.4692D-01 
-7.3106D-08 1.2564D-04 -2.91043-04 2.96825-04 

COLUMJS 7 m u  12 
2.553l.D-01 1.%77D+01 -8.0973D-03 -6.750U*03 
1.0298D*00 -5.9481D*OO 1.6625D-01 -2.3518D*02 
1.67298*01 -7.8761.D-02 1.1728D*01 -3.0407D-01 
6.7563D-01 -1.0035D-03 -5.54222a:3 -7.5542-04 

( 5 )  Fixed T h r o t t l e  

COLlMNS 1 p l R U  6 
0.0000D*00 0.0000D+00 0.0000D*00 0.0000D*00 
-2.20350-01 -4.5955D.03 -2.4374D*02 -4.8065Dt02 
-3.9297D-04 -8.2035D*CC -3.9043D-01 -8.4043D-01 
-9.4818D-06 -1,97699-01 -9.32049-03 -2.0343D-02 

COLUMNS 7THRu 12 
0.0000D*00 0.0000D+00 0.0000D+00 0.0000D*00 
7 51373-01 -1.7241D*Ol 2 . W - 0 1  0.0000D*00 
3.4197bOi -1.58152-01 2.8032D.01 0.0000D*00 
1.3758D*00 -4.1546D-03 -5.1448D.00 0.002C3-CC 

0.0000D+00 0.0000D*OO 
-5.38OlD*OO -1.2555D*OO 
1.4989D.02 2.5871D.01 
16873D.00 2.9084D-01 

5.0626D-01 2.2822D-01 
1.%22D+00 4.4702D-01 
4.2962D.01 -7.5834D*O> 
-2.2994D-01 8.0850D*Ot 

2.9316D-01 5.1002D-02 
l.llBOD*OO 1.9185D-01 
2.3583D.01 4.0053D+00 
-4.1457?-@2 -4 9060D-03 

l.IYllD+OO -1.1746D-01 
7.7573D*01 -9.1042D.01 
1.9012D+OO 2.654OD*OO 

O.OOOOD*OO 0.0000D*00 
8.25811)-01 1.419l.D-01 
4.3223D.01 7.3793Dl00 
1.0546D*00 1.7917D-01 
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( a )  T h r o t t l e  f ree  

COLUMNS 1 ' D R U  6 
6.642rn-03 2.083a~+02 ~ . ~ S S O D + O O  -4.67e3~l00 2.7707~+00 -2.5482D+Oc 
-7 9027D-02 -1.9271D*03 -1.7763D*02 3.9364D.01 -1.15363*02 5.3945D*01 
-2.5690D-03 -2.0704D02 9.0405D*OO 4.7758D.01 4.4819D.01 -3.8343D.C; 
1.92150-03 -2.3017D*OO 6.6C59D+00 1.9007D+Ol 2.16-00 7.7438D*OC 

CDLUMJS 7 m u  12 

1.3539D*OO 1.8265D-02 1.0172D*00 4.1165D+Ol 9.1485D-01 1.23433)-01 
-8.0765D*01 -1.9153D*Ol -3.1558D101 -4.4553D*02 -5.0057D*01 -7.8047D*OC 
1.8876Dl01 1.3449D*00 -3.428lD*OO -5.0063D*01 2.6362D101 4.3945D*OO 
2.45OlD+OO 5.2374D-01 -1.5152D*00 -3.9816D*00 3.1590D*00 2.5665D-01 

( b )  Fixed t h r o t t l e  

COL'JI44S 1 T H R U  6 
O.OOOOD+OO 0.0000D*00 O.QOOOD+OO O.OOOOD*OO O.OOOOD*OO 0.0000D*00 
-2.76033-01 -5.6529D.03 -2.9060D.02 -3.66120*02 5.2588D*01 -8.8793D101 
-1.0980D-02 -4.1304D*02 3.7056D100 4.25483*01 2.1125D*02 -3.8144.D*01 
-2.3OOl-D-03 -1.2616D.02 1.4133D*OO 1.8791D*01 3.0150D*00 9.2470Dl00 

coLU!%s 7 mu 12 
0 00003*00 0 0000D*00 0 0000D*OD 0 OOOCD*OO 0 0000D*00 0 OOOC3*00 
188243*01 -9 40-*01 4 0305D.01 -1 13923-C3 2 0379D-01 3 58500*00 
1 04503.02 4 14143+00 -7 5652D.00 -8 7991D+D1 1 20943.32 2 0762D401 
2 25193-00 -2 266¶5*CS - 2  CXS2-2:  -2 923efi.01 3 5c;23+00 4 74ia-01 

Flight Conditions: h=3Ok ft, M=1 . 2 ,  n u 4  

(a :  T h r o t t l e  f r e e  

coLu)3h'5 I" 6 
4.1769D-04 3.6498D+01 1.4851D*00 -3.484iD-00 2.10423*00 -1.3394D+OC 
-6.61Ol.D-02 -1.0172D-03 -t.l118D*02 -1.4182D+02 -1.1462D*01 -7.4184DlOl 
6.4192D-03 -2.8674D.32 4.5654DlOO 1.156lD+02 7.78%D+Ol -2.6873D101 
4.56330-03 -4.2698D.01 4.9646D+00 4.3199D+01 -6.6763D*OO 2.018l.D*01 

COL'LMHS 7 m u  12 
6.363lD-01 4.80080-02 3.3416D-01 1.4069D+01 5.3312D-01 9.1566D-02 
-3.1037D*Ol -2,626pD*Ol 1.7762D,OO -4.0761D.02 3.2469Dl00 7.1053D*DO 
1.0313D*01 8.31528-01 -4.WOOD*00 -1.1892D*O2 2.7199D*Ol 4.8492D.00 
-2.4702D*00 3.2870D-01 -4.1412D*00 -2.0022D*Dl 9.2925D-01 -2.3495D-02 

( b )  F i x e d  t h r o t t l e  

O.OOOOD+OO 0.0000D+00 O.OOOOD+OO 0 . O O O O r ) r O O  0.0000D+00 0.000OD+00 -1.4369D-01 -2.6046D403 -2.7650D+02 -2.2663D+02 l.B?78D+Ol -6.0432D+01 
-1.8925D-03 -1.9434D*02 2.7848D+OO 6.799m01 2.8567D+02 -3.9003D+01 2.3785D-03 -4.3929D+Ol -1.3042D*00 2.6549D+Ol -4.3513D+00 1.07441)*01 

0 .OOOOD*OO 0 .OOOOD;OO O.OOOOD+OO 0.0000D*00 0.0000D+00 0 .OOOOD*OC 3.3267D*OO -1.3238D*02 2.5597D*01 -1.0794D103 -2.4&470*00 -7.8123D-01 
1.4?58D+02 5.4095D.00 -1.5P41D*01 -7.9803D+Ol 1.6880D*02 2.9097D*O; 
-2.1208D*OO -8.732681-Oi -4.3539D*00 -1.9425D101 2.88%-01 4.05369-C 
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F l i g h t  CoRdition: h=40k ft, m x 1 . 4 ,  n=l 

( a )  Throttle f r e e  

COLUMNS 1" 6 
-4.0290D-02 1.4738D*O3 -7.8132D.01 1.27331)-04 5%2D*00 4.7039D-01 
-3.36451)-02 -3.49983.01 -2.2104D.02 2.60563.02 612lD.00 1.64253*00 
-2.2849D-05 1.04431)-02 -1.9676D-01 4.0965D-01 4.4062D.01 -5.9481D.01 
7.4382D-07 -2.6323D-04 6.3096D-03 -1.3187D-02 -1.5759D+00 1.1276D*01 

COLWS 7 m u  12 
1.5059D*00 2.1803D*01 1.59950-01 -7.54853*03 1.4565D*00 2.4843D-01 
4.9056D*OO -1.1218D*00 4.6368D-01 -3.34573.02 4.7%9D*OO 8.1530D-01 
1.8275D*01 -7.3752D-02 6.8008D*00 -3.9080D-01 2.4078D*0: 4.0875D*00 
1.2100D-01 1.6192D-03 -7.5773D.00 1.25091)-02 -7.5866D-01 -1.2434D-01 

(b) Fixed throttle 

0.0000D*00 0.0000D*00 0.0000D*00 O.OOOOD*OO 
-l.778lD-O1 -1.0549D.04 -1.9624D.02 -9.2410D-02 
-3.6355D-04 -2.1~93~+01 -3.6862~-01 - 1  ~ x r n + n n  ~ . _ _  _ _  - . - - -  - -  
-5.8903D-06 -3.4989D-01 -5.9813D-03 -3.0397D-02 

O.OOOOD*OO 0.0000D*00 0.0000D*00 0.0000D*O0 
6.061OD*00 -1.7085D*01 9 1804D-02 O.OOOOD*OO 
4 7744D-01 -1.6007D-01 2.17181)-01 0 OOOOD*OO 
1.7109D*00 -2.6749D-03 -8.6307D*00 0.00003*00 

COLUMNS 7 m u  12 

( a )  T h r o t t l e  f r e e  

CO'_'JMNS 1 mL' 6 
6.8518D-03 5.0683L-02 4.08:9D*00 -5.6239D.00 
-4 45513-02 -2.3251D.03 -1.8765D.02 -7.0742Dl01 
-9.5493-04 -3.2593D402 9.999lD-00 7.90251)-01 
2.1000D-03 -1.5805D*Ol 9.018l.D*00 4.%55D*01 

COLUMNS 7 m u  12 
1.42813*00 -1.32681)-01 7.72Ol.D-01 8.0912D.01 
-6 5057D.01 -1.5583D.01 -1.2903D.01 -4.1372D102 
1.805G*C1 1.2552D*00 -4.8808D*00 -6.2475D*Ol 
-6.8358D-01 f . b 6 2 4 2 - 0 ?  -5.3267D.00 -8 84209*00 

(b) Fixed t h r o t t l e  

COLUMNS 1 p I R U  6 
0.0000D*00 0.0000D*00 
-4.5737D-01 -2.48?1D*04 
-2.7317D-02 -2.06543*03 
-1.30010-02 -B.B348D*02 

COLUMNS 7 m u  12 
O.OOOQD*OO O.OOOOD*OO 
2.0012D*02 -3.0735D-02 
2.5032D.02 7.0155D-00 
1.2102D*01 -1.056CD.C: 

0.0000D-03 
-7.7826D-CZ 
-4.26321)-00 
-1.3085D*01 

0.0000D*00 
1.5434D-02 
-8.5866D*00 
-6.1567D-01 

O.OOOOD*OO 
-1.2147D.03 
8.0166D.01 
1.111OD+Ol 

O.OOOOD*OO 
-4.0026D.03 
-3.3909D102 
-1.4738D.02 
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0.0000D+00 0.0000D*00 
1.1114D*Ol 6.753OD-01 
1.0197[)*02 -7.4840D*01 
2.2552D+OO 6.3920D.00 

0.0000D*00 O.OOOOD+OO 
6.2255D.00 1.0664bOO 
5.6830D-01 9.7189D-00 
1.2089D.00 2.0712D-01 

3.0230D*00 -1.7841D*00 
-5,86783.01 1.4762D.00 
4.3050D*01 -3.0872D.Cl 

7.39920-01 7.27938-02 
-2.4749D.01 -1.9782DtCO 
2.5905D*01 4.2%7D*CO 
6.9321.D-01 -3.1452D-01 

O.OOOOD+OO 0.0000D*00 
4.2798D.02 -2.84493.02 
4.9573D.02 -2.0063D.01 
1.9376D.01 7.4667D*OO 

0.0000D*00 O.OOOOD*OO 
1.9950D.02 3.6184D.01 
2.8377D.02 4.8903D.01 
1.4019D*01 2.160l.D*00 



F l i g h t  Condition: h=4Ok f t ,  m 1 . 4 ,  n = 4  

T h r o t t l e  f ree  
mm<s 1 mi' 6 

4.1:243-04 5 00363*01 1.56319*00 -3 1841D*00 1.36683.00 -5.9777D-01 
-2 3227D-02 -1 14663.03 -1.6878D.02 -5 7583D-01 -8.95603*00 -1 7275D*01 
4 35730-03 -3.1217D+C2 1.0447D*00 1.4759D+02 2 6414D.01 -2 7939D*01 
3 9995D-03 -4.54190*01 4.3753D+00 7.6267D*01 -1.0108D*01 2.5649D.01 

C J L W S  7 m u  12 
3.5106D-01 -4.7050D-02 2.003ED-01 1.547lP01 5.59931)-02 1.5265D-02 
-3.3450D+Ol -1.511113*01 -8.9972D100 -3.6314D.02 3.6913D*01 1.3191D+01 
1.0563D.01 6.9890-C1 -4.0%3D*00 -1.0337D*02 2.8584D+01 5.1314D'OO 
-3.81B4D*OO 2.89593-:2 -6.458?3+C0 -1.7890D*01 1.5474D*OO 2.1119D-01 

F i  xed t h r o t  t 1 o 

CoLVlMs lm:' E. 
0.0000D*00 0 OOOC3*00 0.0000D*OO 0.0000D+00 0 . 0 0 0 0 L - 0 0  0.00OCD-00 
-7 4833D-02 -3.16283.03 -3.0725D.02 -2.2405D102 5.2112D'Ol -4.35883.01 
-3.17789-03 -2.51233-02 -1.0373D*00 5.6016D*01 2.9213D+02 -4.48073401 
2.4617D-03 -5.0406D*01 -7.36541)-01 5.1439D*01 -1.2608D*01 1.6665D-01 

COLLWS 7 THRY 12 
0 OOOOD*OO O.O0033*CO @.0000D*00 D.OOO! lD+OC 0.00OCD*00 O . C O O 3 5 - 3 t  
1 ?1931*C? -1.27553+:2 9.99493.30 -?+.0546D*C3 1.3939P*C1 2.53:63+:C 
1 47?59-02 6.0470D.03 -6.74783*03 -8  0806D.Cl 1 71522eG2 2.%;OD*:1 
-6 25493.DC -3.7362?-01 - e  2168fi*OC -1.Mi63-01 -2.95292-00 -5.2277E-C1 

F l i g h t  Condition: h=50k f t ,  m=1.8, n = i  

( a )  T h r o t t l e  f r e e  

DoLuM\'S 1 l w R U  6 
-1.2428D-02 1.4946D*03 -1.7242D.02 1.8657D+04 6.888l.D-01 2.964l.D-01 
-2.5982D-02 -1.2215D*Ol -1.7927D.02 -1.7245D+01 8.9805D-01 1.0008D-01 
-1.5234D-05 4.554l.D-03 -1.6558Lj-01 6.9925D-02 4.4270.01 -4.77493+01 
2.€68lD-07 1.51751)-05 2.4938D-03 -1.1575D-03 -2.1426D.00 1.2960D.01 

MLUMJS 7 m u  12 
3.1504D-01 -1.1959D*01 -7.9929D-02 -8.0056D*03 3.8123D-01 6.62OBD-02 
4 4714D-01 -1.2251D.01 8.1814-02 -1.2989D.02 5.18170-01 8.9977D-02 
1.9214D+?? -6.8022D-02 4.8313D.00 -1.4003D-01 2.4148D+Ol 4.0977D*OO 
-1.8412D-01 -3.12922-04 -9 09483*00 2.1152D-03 - 1 . 0 5 1 ~ 0 0  -1.7169D-03 

( b )  F i x e d  t h r o t t l e  

C3LJt-l" 1 Z B d  6 
O . O G O O I ) . O O  0.0000D*OC C 00003*00 0.0000D+00 O.OOOOD*OO O.OOOOD*OO 
-3.968BD-01 -3.801lD*04 -1.70611)+02 -3.6535D*03 2.559801.02 2.4%lD+01 
-8.5073D-04 -8.1553D*Ol -3.4003D-01 -7.8179D.00 1.02211)*02 -5.7779D+@l 
-6.3987D-06 -6.1356D-01 -2.568SD-03 -5.8789D-02 1.4993DOO 1.064BD*C1 

axuMNs ' ) m u  12 
0 .OOOOD;OO f.-OO006;00 O.OOOOD+OO 0.0000D*00 0.0000D+00 O.OOOOD+OO 
1.4115D.02 -1.657lD.01 -9.4218D+00 0.0000D+00 1.4298D+02 2.4462D.Cl 
4.8944D.01 -1.4756D-01 1.4088D*01 0.0000D*00 5.6839D*01 9.7199D*00 
1.458OD+OO -1.1025D-03 -1.1752D+01 0.0000D*00 7.7799D-01 1.3455D-01 
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F l i g h t  C o n d i t i o n :  h-50k f t ,  rn11.8, n-2 

( a )  T h r o t t l e  f r ee  

COLMS 1 M R U  6 
3.5959D-03 4.67W*02 3.5335D+00 -l.l105D*01 1.8649D*OO -8.03953-01 
-2.80890-02 -1.8184D*03 -1.3708D102 -1.4276D.02 3.3696D*OL -3.502OD*O1 
-2.7227D-03 -8.1445D*02 8.1206D*00 1.3217D+02 2.2062D.01 -2.0562Dl01 
-6.3217D-04 -4.5145D*02 7.5518D*00 1.0742D.02 -9.6043D*00 2.2742D+01 

COLUmS 7 m u  12 
4.6028D-01 -3.5162D-01 2.6473D-01 7.7890D.01 1.0763D-01 -1.li16D-01 
-1.6152D.01 -6.4189D.00 -2.1512D*00 -3.1546D.02 3.0005D*01 7.06433-00 
7.475i300 1.2381D*00 -1.7457D+OO -1.4860D*02 1.492001 2.3107D*CO 
-4.0%2D+OO 6.7878D-01 -7.0306D*OU -8.6670D.01 -1.4925D.00 -7.20273-91 

( b )  F i x e d  t h r o t t l e  

COLUMNS 1 z H R U  6 
0.0000D*00 0.0000D+00 0.0000D*00 0.0000D*00 0.0000D*00 0.00003-OC 
-6.0982D-02 -4.1785D-03 -2.511l.D*02 -2.8238D.02 -6.999l.D.01 -7.16992.0; 
-3.6150D-03 -5.4820D102 -9.6721.D-01 3.8862D*01 4.1818D*01 -4.1017L-Gi 
-1.405l.D-03 -2.8559D+02 4.3810D-01 3.2729D.01 -7.63%D*00 6.2683D*OC 

O.OOOOD+OO 0.0000D+00 0.0000D*00 0.0000D+00 0.0000D+00 0.0000D*00 
-7.29763.01 -3.0622D.01 1.9139D+Ol -7.2199D.02 -3.7145D.01 -5.9716D.C. 
1.8956D.01 6.3265D-01 2.65291)-00 -9.4700D+01 2.4460D+01 4.167l.D*G; 
1.5019D*00 -9.52661)-02 -1.8004D*OO -5.0892D*01 -1.3886D-01 -1.6@:27-C- 

WLVHNS 7 m u  12 

F l i g h t  C o n d i t i o n :  h=SOk f t ,  r n = ’ . E .  n=4 

, L  T h r o t t l e  f r e e  

m u ) Q I S  1 m U  6 
-8.7236D-06 3.3564D.01 1.3407D*OO -2.8980D.00 5.884l.D-01 -2.19083-01 
-1.4706D-02 -9.3343C.02 -1.4934D.CZ -3.1412D*01 3.45383.01 -2.749C-’.-C1 
9.574OD-03 -2.81973.02 -1.1045D+00 2.3251D.02 1.3507D+01 -2.12123-C1 
6.8283D-03 -8.9545D.01 -2.3177D.00 1.4395D.02 -1.5042D*01 3.3745C-0: 
W L ~ S  7 m u  12 
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